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ABSTRACT;
MICROBIAL ENHANCEMENT OF OIL RECOVERY
Joanne Ali 
Supervised:
Prof. Adel Sharif 
Dr Aidong Yang 
Dr. Muhammed Javed
The microbial enhanced oil recovery (MEOR) uses specialised microorganisms along with 
the injection of certain nutrients such as sugars, phosphates, and nitrates into the oil well to 
produce metabolic activities thus, forming products such as bio-surfactants, polymers, acids 
and gases which, lead to an increase in oil recovery. Economically, MEOR is more attractive 
in comparison with other oil recovery processes because it requires less capital and operating 
costs.
The present project is based on selecting particular microorganisms, which can produce bio­
surfactants and other useful products to enhance the oil recovery, by inevitably increasing the 
reservoir pressure, reducing interfacial tension of the oil, increasing the oil flow to the 
production well and plugging the high permeable zones.
In this study, 42 strains were isolated from the mixture of the contaminated soil obtained from 
a car garage (Woking, Surrey) and from an oil reservoir obtained from the Iranian Oil field 
(based in Ahvaz). They were isolated using complex and minimal media with added crude oil 
or hexadecane. These strains were then studied for their biomass concentrations and 
metabolic activities. The initial screen was based on their bio-surfactant production, as 
revealed by the formation of a zone of clearance on Blood agar plates and results were 
compared with those of Pseudomonas putida which was obtained from a culture collection 
company based in UK. Strains which were unable to produce bio-surfactant were removed 
from the next round of screening and therefore, the results were narrowed to selected number 
of strains. The production of other chemicals, such as acids, polymers, and gases were also 
studied to various levels. On the basis of this investigation, 5 strains were chosen for further
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characterisation. These strains were initially identified by using staining techniques and other 
biochemical techniques and finally they were identified using 16SrDNA sequence analysis. 
These isolated strains were found to be closely related to Bacillus licheniformis, and Bacillus 
cereus. These strains grew on a variety of substrates and, at temperatures of 37°C and 55°C. 
However, one of the strains was not identified in this study and this strain was found growing 
at a temperature of 65°C.
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AIM AND OBJECTIVES:
The aim of this research at the current stage is to isolate and characterise the bacteria which 
can be applied to the process of microbial enhancement of oil recovery (MEOR). The ultimate 
aim of this project at the university of Surrey is MEOR which is a tertiary oil recovery 
procedure and is usually performed by the injection of the bacteria and the required nutrients 
to an oil well to enable bacteria to grow and carry their metabolic activities to enhance the 
recovery of the residual crude oil that is trapped in between the pores of the reservoir rocks. 
Trapped oil makes up about 70% of the total oil reserves. This value indicates that the 
primary and secondary recoveries are to some extent inefficient. The aim is to select 
microorganism(s) that will not cause any harm to the environment and not alter the physical 
and chemical structure of the hydrocarbon chain of the crude oil. The selected 
microorganisms must perform fermentation of inexpensive raw materials to produce bio­
surfactants. Most importantly the microbial cultures must survive under the extreme 
conditions of the oil well and reservoir.
The first stage of this research was to carry out an experiment to isolate bacteria that have 
been cultured from a mixture of oil and soil. Properties such as growth behaviour, resistance 
to the temperature, pressure, gas production, surfactant activity, and viscosity reduction (by 
visual observation) were to be monitored.
In the second stage (this procedure will be carried out for the PHD), these properties will be 
investigated thoroughly in a bio- reactor under specific conditions, pressures, and 
temperatures similar to those of a reservoir. Eventually cultures will be applied to an injection 
well, and then the well will be shut off for several months to allow the bacteria to grow and to 
produce its surfactants and to promote the mobility of oil to the production well by reducing 
the oil viscosity. The current study is only focused on the first stage due to time limitations 
and facilities availability.
VII
CHAPTER 1
GENERAL INTRODUCTION
1.1 Microbial Enhanced Oil Recovery (MEOR)
In the MEOR process, oil recovery is enhanced by the use of microbial activities. Initially 
when oil pools in the ground (known as oil reservoir) are found, a well is drilled to the 
reservoir to bring the oil to the ground (known as oil recovery). Therefore, the utilisation of 
the MEOR process will help to recover this trapped oil and will extend the life of oil wells. 
Therefore, there is an enormous opportunity to improve this process in order to recover the 
reminder trapped oil in the ground which is unrecovered by other conventional methods and it 
is estimated to be about 70% (Khire and Khan, 1994).
In the oil fields there are three stages of development:
1.1.1 Primary Recovery
In the primary stage, the oil is recovered without the addition of water or gas into the reservoir 
since there is enough pressure to force the oil upward to the ground. Primary recovery 
involves the oil and gas production using the natural pressures of the reservoir. These natural 
resources act as the driving forces and push the material to the surface of the wells. Often 
wells are injected with fluids, to disrupt hydrocarbon bonds to improve the flow rate of the oil 
and gas from the reservoir to the wellhead (Planckaert 2005).
1.1.2 Secondary Recovery
In the secondary stage, water, steam and/or gas is injected into the well to encourage the 
movement of the oil to the ground. However, during primary and secondary stages only one 
third to half of the oil can be recovered while the remaining oil is trapped in the reservoir. 
Secondary Recovery uses other mechanisms, such as re-injecting gas (methane) and flooding 
the well with water, to increase the flow rate of the remaining oil and gas from the primary 
process.
1.1.3 Tertiary Recovery
The MEOR is a tertiary stage process of the oil recovery. In the MEOR process, suitable 
microorganisms, nutrients, oxygen (in some cases), heat, steam and/ or hot water are injected 
into the reservoir through the oil well to stimulate the flow of oil and gas to the surface of the 
well. The microorganisms multiply and produce chemicals to move the trapped oil into the 
water phase. The microorganisms grow in the interface between the oil and water, and release 
the metabolic products due to their metabolic activities. Such products are helpful for the oil 
recovery. The microbes oxidise the oil to fatty acids which, act as detergents (surfactant) and 
therefore, reduces the interfacial tension and oil viscosity. They can also produce small 
amounts of carbon dioxide (CO2) gas, due to beta-oxidation of the fatty acids and the gas can 
pressurise the oil while their biomass between oil and rock physically displaces the oil. These 
microbial activities thus enhance the oil recovery. In EOR process fluids are moved from an 
injection to a production well and physical and chemical interaction may occur as these fluids 
encounter different rocks and or other fuels fluid.
There are two methods by which the MEOR process is applied. The first method is the most 
common and popular approach, where the oil well is injected by a small volume of microbial 
cultures with the nutrients then the well is shut for a period of time to ensure the grov^h of the 
microbes prior to extraction of oil recovery. This technique is relatively inexpensive and gives 
a quick response (Sheely, 1990). In the second method the microbial culture and nutrients are 
injected with water flooding to improve both sweep efficiency and displacement efficiency 
(this process involves the displacing of oil with water and gas that occurs microscopically and 
macroscopically in the reservoir). Sweep efficiency (SE), is a measurement of the 
effectiveness of an enhanced oil recovery that depends on the volume of the reservoir 
contacted by the injected fluid. The volumetric sweep efficiency is an overall result that 
depends on the injection pattern selected by considering the fractures in the reservoir, position 
of oil/gas and oil/water contacts, reservoir thickness, permeability and a real vertical 
heterogeneity (which is the variation in the rock properties and variable properties of the 
reservoir from one place to another), mobility ratio, density difference between the displacing 
and the displaced fluid, and the flow rate.
However, the displacement efficiency (DE) can be improved by the reduction of the residual 
oil saturation. DE refers to the fraction of the oil in place that is swept from a unit volume of
the reservoir, and is a function of fluid viscosities and the relative permeability characteristics 
of the reservoir rock. (Archer and Wall, 1986).
1.1.4 History o f MEOR
The idea of MEOR was first introduced in 1926 by Beckman, but was not studied further until 
1950’s when ZoBell and his colleagues (Desouky, et. al., 1996) proposed that the microbial 
action degraded the organic matrix surrounding the hydrocarbons produced by plants and 
animals and as a result, oil was released, migrated, and accumulated to form a petroleum 
reservoir. Hitzman (1962) and co-workers patented a process for the injection of bacterial 
spores along with nutrient into a reservoir. The spores would germinate and enhance the 
removal of oil from the reservoir. In 1983 Rountree applied the first MEOR process to 3 oil 
fields and obtained an increase in the production level of oil from 26 to 60 bbl (blue barrel)/ 
day (Hitzman, 1962). Bryant and associates demonstrated that the spores within the reservoir 
will germinate and enhance the recovery of oil from the reservoir rocks. In another report, the 
application of different bacterial strains to heavy oil of an API (American Petroleum Institute) 
of 14 to 17, up to 70% of the crude oil was recovered when the selected strains were applied 
with water flooding (Bryant, et. ah, 1998). 78% of the MEOR projects are reported successful 
in reducing the water production rate and showing an increase in oil production.
The most likely implementation of MEOR will entail inoculation of injection wells with 
microbes, a suitable shut- in period for incubation and then resumption of water flooding 
containing appropriate nutrients (Lin, et. al, 1994; Banat, 1995). The continual presence of 
microorganisms ensures further reduction of viscosity of the residual oil that is left in the 
reservoirs and therefore, secondary recovery methods may no longer be required. However, 
MEOR has certain constraints which mean that all other conventional methods as a 
replacement cannot be abandoned. Nevertheless, this process is unique because, bacterial cells 
are injected to the reservoir and they multiply in situ.
The production of acids, solvents, gases, and surfactants in or near the well bore prevents 
scale and paraffin deposition. They also, change the wettability of the rock, and change the 
fluid saturations. These characteristics enable the well to improve its oil drainage (Adkins, et. 
al., 1993; Bryant and Douglas, 1998; Mclnemey et. al., 1990).
Wettability of a reservoir is the actual process when a liquid spreads on (wet) a solid substrate
or surface. Wettability can be determined by measuring the displacement effectiveness of
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injected fluids and ultimate oil recovery. Kovscek et. al., (1993) observed that wettability is a 
prime factor in controlling multi phase flow and phase trapping since wetting fluids occupy 
the smallest and tiniest and most hydro-dynamically resistant pore channel.
Furthermore Banat, et. al, (1995) patented four different species of common soil organisms 
such as Pseudomonas fluorescens. Bacillus cereus, Bacillus thuringiensis, and Bacillus 
sphaericus which are expected to have applications in MEOR because, of their bio-surfactants 
production.
Carbon dioxide and/ or methane production resulting from the bacterial fermentation and the 
neutralisation of acid products by the reservoir rock would re-pressurise the reservoir. 
Solvents, mainly alcohols (methanol, ethanol, propanol, isobutanol, and butanol) and to some 
extent formaldehyde and acetone could reduce oil viscosity.
Hence, the candidate microorganisms in the MEOR process would be expected to produces 
one or more of the following products:
1. Bio-surfactant
2. Solvents, such as Alcohols, Ketones
3. Acids and gases, such as carbon dioxide
4. Polymers
1.1.5 Bio-surfactants
Bio-surfactants are produced by microorganisms and they are lipids and glyco-lipids. They 
are substances that adsorb to and alter the conditions prevailing/-exist at interfaces. 
Furthermore, they have very versatile chemical structures and surface properties (Rosenberg, 
el a\., 1997). Bio-surfactants are amphiphilic compounds produced on living surfaces, mostly 
they are microbial cell surfaces, or excreted extra-cellular materials and composed of a 
hydrophobic and hydrophilic layer moieties that reduce the surface tension and interfacial 
tension between individual molecules at the surface and interface respectively (Lin, et al, 
1994; Karanth et. al, 2005). The polar layer can be carbohydrate, an amino acid, a phosphate 
group, or some other compound. However, the non-polar part of this layer is composed of a 
long chain of fatty acid. The non-pathogenic microorganisms can ingest on the hydrocarbons 
with the injected nutrients as a food source which, they metabolise and excrete bio-products 
(Brown, 1992, Portwood, 1995).
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Bio-surfactants help to disperse oil and this is the main reason for utilising bio-surfactants in 
the MEOR work. They have very diverse chemical structures and surface properties 
(Rosenberg, et. a\., 2001).
Bio-surfactants are used for environmental application because, they are easily biodegradable 
(Oberbremer et. al., 1990; Harvey et. a\., 1990; Van Dyke et. al., 1993). One of the organisms 
that have shown to produce an effective bio-surfactant under aerobic and an-aerobic 
conditions is Bacillus licheniformis (Jenneman et. al., 1983). This fact has attracted many 
researches in the MEOR field. However, the organisms that are selected for the MEOR must 
be tolerant to crude oil and be able to tolerate the reservoir hostile conditions (Premuzic E. T 
et. al., 1996).
The bio-surfactants are divided into three categories and generally they comprise:
• Low molecular weight bio-surfactants:
Low molecular weight bio-surfactants are generally lipo-peptides or glycol-lipids, 
which have mono or disaccharide unit linked to the fatty acid moiety. They function to 
lower the interfacial tensions efficiency. The amphipathic nature of surfactin may 
contribute to some of its interesting biological properties, such as the formation of ion- 
conducting pores in membranes (Rosenberg et. al., 2001).
• High molecular weight bio-surfactants:
High molecular weight or polymeric bio-surfactants include polysaccharide, 
polysaccharide protein complex, lipo-polypeptides or protein with emulsifying 
properties. These polymers are tightly bound to the surface of the crude oil (Passeri et. 
al., 1991). The microbes which produce these surfactants, under suitable conditions, 
release the capsule polysaccharide to the medium together with bound proteins 
forming an efficient bio-emulsifier. However, protein or polysaccharides alone do not 
have emulsifying activity by themselves but this is achieved by the reconstitution of 
emulsifying activity (Kaplan 1987.) This occurs when protein initially binds to the 
hydrocarbon having the hydrophobic moiety, in a reversible fashion. Then the 
polysaccharides get attached to the protein and stabilises the oil- in- water emulsion.
• Particulate bio-surfactants:
The ‘particulate’ bio-surfactants are the intracellular vesicles that play a role in 
hydrocarbon uptake by microbial cells with surface active properties. Bio-surfactants 
can be screened by measuring the haemolysis of red blood cells (Van der Vegt 1991;
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1996; Willumsen and Karlson, 1997) or by lysis of filamentous bacteria, which results 
in the reduction of the surface tension between oil and water (Peypoux et. al, 1999).
1.1.6 Alcohols, acids, solvents and surfactants
Alcohols, acids, solvents and surfactants remove metal traces from the poral throat of the 
rocks, helping to restore the original porosity and permeability of the reservoir rock. 
Surfactants clean out the paraffin wax and heavy crude depositions in the pore of the rock, 
and will result in improvement of the permeability and porosity of the rocks. Surfactants also 
reduce the interfacial tension between oil to rock and oil to water.
The amphiphilic molecules, which have both hydrophilic and hydrophobic regions, causes the 
microbes to aggregate at interfaces between fluids with different polarities such as water and 
hydrocarbons and decreases the interfacial surface tension (Karanth el al, 2005). The role of 
bio-surfactants in microorganisms are not fully understood, but it is known that these 
secondary metabolites can enhance nutrient transport across the membrane, act in various 
host-microbe interactions, and provide protection against the microorganisms which produce 
bio-cidal and fungicidal.
1.1.7 Acids and Gases
Acids dissolve the rocks, affect the pore size, increases permeability of the reservoir, 
widening of the fissures and channels, they can cause reduction in the viscosity of the crude 
oil, and help to increase the pressure and viscosity. These changes will make the oil thinner 
and help to flow more freely. (Khire and Khan, 1994).
Gases that are produced by the microorganisms will be immediately released into their 
environment resulting in gas drive reservoir, which pushes the oil from dead space and 
dislodge the debris that plugs the pore. The gases that are released by the bacteria are carbon 
dioxide, hydrogen and methane.
1.1.8 Polymers
Polymers help to modify the permeability of the rock by reducing the size of the molecules of 
the reservoir fluids. Polymers are very much dependent upon the strain rate, temperature, and 
environmental conditions. Their tensile decrease as the temperature increases. In this case the 
molecule of the crude oil will reduce in size by polymers using oxidant breaker that will be 
activated in the temperature range of 70°C to 96.1°C. Polymers correlate with the crude 
viscosity. Measured viscosities depend on polymer concentration and the degree of polymer
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degradation. In the petroleum industry water- soluble polymers have many advantages over 
the other polymers. It is used as an additive to hydraulic fracturing fluids, they increase fluid 
viscosity to provide prop-pant carrying ability and fluid loss control.
Polymer degradation under reservoir condition can be complex. Loss of solution viscosity has 
often been used as a measure of polymer degradation. Solution viscosity, however, is a 
complex physical parameter which can depend on polymer interactions in solution as well as 
polymer size (molecular weight) and concentration (Gall et. ah, 1985). Loss of viscosity may 
be caused by a decrease in polymer inter-molecular attraction as well as a decrease in 
molecular size of the polymer.
Injection of a dilute solution of water soluble polymer to increase the viscosity of the injected 
water can increase the amount of oil recovered in some formation polymer flooding is a 
means of injecting long chain polymer molecules in an effort to increase the injected water 
viscosity. The injection of these chemicals means that the fluid would behave like a non- 
Newtonian fluid; at low viscosities it is resistant to flow. This method not only improves the 
mobility ratio but, also the vertical and areal sweep efficiency. The polymer causes a 
reduction in the permeability and allows the preferential filling of the high permeable zones in 
the reservoirs. This however, lowers the flow viscosity and increases the sweep area.
Surfactant polymer flooding are surface active agents that helps to break dovm the surface 
tension between oil and water to separate.
1.1.9 In situ and in above ground facilities
Depending on the site of the oil reservoir there are two processes for MEOR. In situ process 
involves the production of the bacterial cultures inside the reservoir. This can be carried out 
by either stimulating the reservoir microbes or injecting selective bacteria that will produce 
specific metabolic products that will lead to the enhancement of oil recovery (Jack T. R. et. 
al., 1988). However, the above ground facilities, the process that involves the production of 
the bio-products is at the surface near the reservoir which is injected separately with or 
without separating the bacterial cells (Al-Sulaimani, et. al, 2011).
1.1.10 Reservoir conditions
For the in situ use of microorganisms for the EOR process, it is necessary to use microbial 
cultures that can survive and grow under reservoir conditions. Before applying the MEOR
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process the reservoir characterisation must be determined, and some of these characters are: 
porosity, permeability, salinity, temperature, and pressure. The following conditions present 
in the majority of the oil reservoirs (Sen, 2008).
• Temperature: between 70- 90 °C
• Pressure: anything less than 2000- 2500 psi (1 Pa = 1.450377 x 10’"^ psi)Salinity: less 
than 1.3- 2.5%
• Water and sediment percentage: less than 60%
The conditions may vary from reservoir to another. For example in one of the Iranian 
reservoir the following conditions were observed:
• Depth of the reservoir 8000 to 12000 ft (1 feet = 0.3048 m)
• Pressure of the reservoir 2500 to 4000 Psi
• Temperature of the reservoir 32.22 to 132.22°C
• Oil density (specific gravity) 1.2 to 1.85 kg/m^
Specific gravity is the density of a substance relative to some reference substance:
density of substance
Specific gravity =
density of reference substance
The specific gravity of a substance in this case, oil is equal to its density (mass/ unit volume) 
in kg/m^.
A major problem in EOR processes is the variation of permeability in petroleum reservoirs. 
When water is injected to displace oil, the water will preferentially flow through the areas of 
highest permeability, and bypass much of the oil. When bacteria are injected they flow 
preferentially into high permeable zones with water and they grow and block the pore zones. 
Therefore they will not be so likely to go into lower permeability zones because of their sizes. 
The MEOR is based on the bacteria that have the abilities to reduce the interfacial tension 
between oil and water in the underground. However, this process may require water and other 
essential minerals along with oxygen to stimulate the growth of aerobic oil degrading 
bacteria. Once these elements are introduced into the reservoir, a bio-film is produced in 
contact with oil. Oils are then dislodged by the bacterial action and the production of CO2 
which allows the oil to be transported towards the production well. Once the carbon source’s 
level is depleted (oil is removed) the active bio-film migrates further into the reservoir and
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establishes the areas with sufficient oxygen and carbon supplies (Rosenberg and Ron , 1993; 
1997; 2001).
1.2 Crude Oil
Crude oil is a complex mixture of organic substances (ranging from Ci to Cso) and has been 
considered to be derived from dead prehistoric plants and animal matters. These remains were 
eventually washed off by the rain for millions of years and then were led to the sea along with 
other matters such as sands and silts, which were layered in the sea bottom. These layers were 
compressed under the weight of sediments and with the increase of temperature and pressure, 
their physical structures changed from sand, silts into rocks and organic matters and into 
petroleum. These rocks are knovm to be the “Source rocks”.
Crude oil can vary greatly in composition, viscosity, density, and flammability ranging from 
highly flammable, light liquids (similar to gas condensate), to highly viscous and heavy tar 
like materials. Crude oil (also called petroleum) consists of various hydrocarbons, largely of 
the alkane series which are carbon and hydrogen compounds. The chains in the C 5 - C 7  range 
are light hydrocarbons, and easily vaporised. They are used mainly as solvents, and dry 
cleaning fluids. The chains from Ce-Cu through C12H26 are blended together and are used for 
gasoline. Kerosene is made up of chains in the Cio to C15 range, and other mixes are diesel 
fuel (Cio to C20) and heavier fuel oils such as the ones used in the engine of ships. Petroleum 
is also a raw material for many chemical products, including solvents, fertilizers, pesticides, 
and plastics. Components of the chemicals of petroleum are separated by fraction distillation, 
which have different boiling points. The distillation ranges of major fractions of the crude oil 
are listed in Table 1.
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Table 1. Boiling points of various fractions of the crude oils along with carbon number 
molecules (Walker & O' Mahony. 2000)
Fraction Number of Carbons Boiling point/ C
Light ends 1-4 < 0
Light naphtha 5-7 27-93
Heavy naphtha 6-10 93-177
Kerosene 10-15 177-293
Light gas oil 13-18 204-343
Heavy gas oil 16-40 315-565
Residual oil >40 >565
Recently there has been a very significant increase in the oil prices resulted by the world oil 
demand. The crude oil price currently fwww.oil-price.net 2012) is $90.26 per barrel although 
this value does fluctuate. In January 2008 the oil price was $89 per barrel and in, 2005 from 
February to August it increased from $47 to $67 per barrel while in 2003 it was $28.50 per 
barrel (one barrel of crude oil is equal to 42 US gallons or 159 litres). Crude oil is mainly 
traded in US dollars, and when the US dollars weakens the crude oil market participants such 
as refineries and producers, push the price of crude higher on the expectation that the oil 
producers are entitled to at least the same prices as before in their ovm currencies, after 
exchanging US dollars into their currencies.
Rapid changes in oil and gas prices can be attributed to supply and demand, market 
speculation and the expense of refinery crude oil into gasoline. These are the main three 
factors that can explain why the price at the pump can vary greatly in such a short time. 
Supply and demand has a direct effect on the price of crude oil. When supply is high, 
generally the price of oil will go down. Conversely when the supply is low, the price of oil 
will go up. The growths of economies throughout the world have increased the demand for 
the crude oil while the supply has remained relatively constant. The introduction of the 
MEOR process to the large number of drying oil fields will not only be able to fulfil the 
increasing demand of the oil but, also keeps the oil prices stable. The top countries that 
produce oil in the world are Saudi Arabia, Russia, United State, Iran, and Iraq (Table 2).
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1.3 Oil Field
An oil field is an accumulation, pool or group of oil in the subsurface. Oil field consists of a 
reservoir in a particular shape that has trapped hydrocarbons which is covered by an 
impermeable or sealing rock.
Table 2. Illustration of the oil world reserves countries. (Oil & Gas Journal, Vol. 102, No. 47 
(2004). From: U.S. Energy Information Administration)
Rank Country Proved Reserves (billion barrels)
1 Saudi Arabia 261.9
2 Canada 178.8
3 Iran 125.8
4 Iraq 115.0
5 Kuwait 101.5
6 United Arab Emirates 97.8
7 Venezuela 77.2
8 Russia 60.0
9 Libya 39.0
10 Nigeria 35.3
1.4 The Reservoir
The reservoirs have various shapes, sizes, origins, and composed of layers of sandstone, 
limestone, or dolomite rock compositions. A reservoir is a subsurface body of a rock that has 
sufficient porosity and permeability which is able to transmit fluids from one area to another. 
The most common reservoir rocks are sediment rocks as they have more porosity than most of 
the igneous and metamorphic rocks. Reservoir rock is the skeleton of an oil reservoir (Yen, et. 
al., 1990). However, other elements are required for the production of an oil pool (Cooper, et. 
al., 1980). A source rock contains:
1. A reservoir rock that is permeable and the tiny pores in the petroleum reservoir (most
sedimentary rocks have grains diameters in the range of 0.05 to 0.25mm, resulting in
average radii of the void space or tiny openings between 20 and 200pm) are connected 
such that enough oil is produced and is economically feasible for the operation of drilling
2. An effectively impermeable cap rock
3. A structure to permit the cap rock to retain oil
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Most of the reservoirs have gas, water, oil, and gravity that acts upon the fluids to endeavour 
to separate them in the oil reservoir based on their densities. Gas being the lightest is always 
located on top, followed by oil, and lastly water as it is denser. However, there are other 
obstacles (rocks and other fluids) that restrict the completion of this gravitational separation. 
When an oil reservoir contains two or more fluids it is known to be a multiphase system, and 
this criteria will increase the number of interacting forces such as surface and interfacial 
tension.
1.4.1 Reservoir Pressure
Hydrocarbons generally are accumulated in partial sealed structure, where the upward 
migration of oil and gas from the source bed is blocked by impermeable barrier. When the oil 
or the crude is accumulated, the water within the porous reservoir rocks is expelled. The 
ground water is saline (because of presence of significant amounts of dissolved salts), and 
therefore their temperature increases once the depth is increased, meaning that water 
molecules have a lesser density. The normal pressure gradient is within the range of 0.43 to
0.5 psi/ft, which is approximately same as the fresh water gradient. Pressure is dependent 
upon the depth of the reservoir as well as the water gradient within the reservoir.
In contrast to the normal pressure of the reservoir, the high pressure occurs when some parts 
of the overburden load is transmitted to the formation fluids. This high pressure corresponds 
to gradients of 0.8 to 0.9 psi/ft and may approach the geostatic gradient which, is generally 
accounted as 1.0 psi/ft (therefore. Pa = 1 N/m^) and this is considered to be very high 
pressure.
1.4.2 Reservoir Temperature
A normal value of the reservoir temperature can be 120°C at around 3000m to 6000m depth 
of the reservoir. The condition within the reservoir may be considered to be isothermal due to 
the large thermal capacity of the rock matrix, which comprises approximately 80% of the bulk 
reservoir volume and the presence of very large area for heat transfer. Temperature affects the 
biological catalysts which can be either microorganisms or enzymes. Thus this will have an 
impact on the optimal cellular growth or metabolism.
Field results in China, (Wang 2010) showed that the bio-enzyme can improve the physical 
properties of the underground oil, decrease the injection pressure of water wells, increase the 
injection volume, improve the injection profile and establish a good injection production drive 
system. Bio-enzyme is a biological agent created by the microbes. Bio-enzyme is water
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soluble product and has high capability of releasing the hydrocarbon from the surface of the 
reservoir rock particles. It can change the wettability of the reservoir rock from lipophilicity 
to hydrophobicity, can decreased the wetting angle, as a result to that decrease the flow 
resistance of crude oil in the pores of the reservoir, and this in return release the crude oil 
from the surface of rock particles and from the micro-pores, to get the effect of unplugging 
and oil displacement, therefore enhances the recovery of oil.
1.4.3 Reservoir Porosity
Porosity is the void space between rocks, sediments and inter-granular space that stores fluid. 
In another word, porosity is the capacity of rock or sediment to store water. Porosity can be 
over 50% of the volume of rock/ sediment. 
(www.mhhe.com/earthsci/geology/mcconnell/demo/prop.html)
The rocks and sediments contain spaces between the grains or the pore spaces, and fractures 
on the grains and sediments it may get filled with water. The percentage or fraction of the 
void space to bulk volume of the rocks is referred to as porosity. In a reservoir the 
arrangements of the void spaces are complex. The measurements are either carried out in the 
laboratory on core samples with the application of the well actual conditions or in- situ by 
logging devices such as Neutron, and Density. Porosity or pore space of the soil is simply 
calculated from the Bulk Density (bD) and Particle density (pD) and the factors that affect 
and determine the overall porosity of the soil are, texture of the soil, structure of the soil and 
organic matter of the soil.
1.4.4 Reservoir Permeability
Permeability is a measurement or capacity of water to flow through a porous rock or 
sediment, which is a function of inter-connection between the pores. It is one of the factors 
that limits the oil production because, the water flows through high permeable regions 
(usually) leaving the oil in less permeable regions unrecovered. Permeability depends on the 
type of fluid that flows through the rock. Permeability is measured in Darcy units or milli- 
Darcys.
Darcy’s law describes the flow of a fluid through a porous medium (void space, or empty 
space). This law is based on the results of experiments conducted on the flow of water 
through beds of sands. There are three different ways that permeability is denoted, and they 
are:
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1. Absolute Permeability (ka): This is achieved when a known quantity of fluid is flown 
through a core while the pore spaces are 100% saturated with the same fluid. Absolute 
permeability will not change with varying fluid by type as long as the pore space 
configuration remains constant.
2. Effective Permeability: This is the permeability of the flowing phase which does not 
saturate 100% of the rock. The effective permeability is always less than the absolute 
value of k for the rock.
3. Relative permeability: This is dimension-less number which is the ratio of effective 
permeability (of a fluid) to absolute permeability of the same rock.
High permeability goes hand in hand with the high porosity and large grain size. Therefore, 
the connection between the pore spaces are wider in the coarse-grained sediments (sand, 
gravel) and rock (sandstone, conglomerate) and are narrower in fine- grained materials (silt, 
clay, shale, and mudstone.)
1.5 Salinity
In additional to its adverse effect of the growth of the bacteria, high saline concentration can 
compress the electrical double layers of rock surfaces and bacteria, thus enhancing the 
adhesion between them and limiting bacterial transport through the oil reservoir. Sodium 
chloride also has an adverse effect on the crude oil in aqueous solution.
1.6 Extraction of Oil
The first stage of extraction of oil is drilling a well into an underground reservoir. Mostly in 
the oil fields, oil initially rises naturally to the surface of the ground (called primary 
recovery). In some wells to maintain the pressure of the reservoir, water, steam, and or 
various gases are pumped and also this will maintain an economic extraction rate (called 
secondary recover). The underground pressure is sufficient enough to force out the oil to the 
well head of the reservoir. In such cases it is essential to place a complex arrangement of 
valves on the well head to connect the well to the pipeline network for storage and processing. 
Once the pressure has been depleted, oil will not be pushed to the surface of the well.
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therefore the remaining oil must be pumped out with secondary or tertiary methods such as 
MEOR which is a tertiary recovery method.
The worldwide reserves estimated by the Oil & Gas Journal (OGJ) at the beginning of 2004 
were 1.27 trillion barrels of oil and 6,100 trillion cubic feet of natural gas. In the previous year 
the estimates were 53 billion barrels of oil and 575 trillion cubic feet of natural gas.
These figures were lower due to recent discoveries, improving technologies, and fluctuation 
of the economies.
Increasing oil recovery from the aging resources is a major concern for oil companies and 
authorities. In addition, the rate of replacement of the produced reserves by new discoveries 
has been also declined steadily in the last decade.
It is well known that enhanced oil recovery projects have been strongly influenced by 
economics and crude oil prices. Based on the present status of the technologies chemical 
enhanced oil recovery method are not expected to make an important contribution in oil 
production from oil reservoirs during the next one or two decades. However, chemically 
based gas and water shut-off strategies will continue to contribute optimizing water, and gas 
projects in oil reservoirs in the near future. (Alvardo V, and Manrique E, 2010.)
1.7 History of oil well and drilling process of oil well
The first drilled oil well in the world was in China in the fourth century. The oil was burnt to 
evaporate brine and to produce salt. The petroleum industry began when Edwin Drake 
discovered oil in 1858 near Titusville, Pennsylvania (Giebelhaus, 2004). The growth of this 
industry in the 1800s was not a major concern to the world up until the 20^  ^century.
In 1955 coal was still widely used fuel, but oil slowly began to take over. Followed by the 
energy crises in 1973, and in the 1979 there was significant media coverage on the usage of 
oil and the existence of oil supply levels in the world.
USA news (2004) reports predict that there is 40 years of petroleum is left in the ground, but 
some disagree with this figure. Today’s world uses 90% of their fuel supply which is obtained 
from the oil. About 80% of the world oil reserves are claimed to be present in the Middle 
East. The world consumption of oil currently is 77 million barrel per day and out of this 
figure, 20 million barrel is used by the US only.
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The oil well is created by drilling a hole into the earth with an oil rig turning a drill bit. Once 
the hole is drilled, a metal pipe is cemented into the hole which is called casing. To obtain the 
hydrocarbon, the casing and the cement are either perforated or additional section of the earth 
is drilled bellow the casing.
To drill a well, firstly the drill bit breaks up the earth and extends the well, secondly the pipe 
or drill string to which the bit is attaches is gradually lengthened as the well gets deeper, and 
thirdly the oil rig which fulfils the role of superstructure bearing the load of the drill string 
that contains the machinery to rotate the drill. thttp://en.wikipedia.org/wiki/Oil wellV
1.8 Microorganisms used in the MEOR process
The type of microorganisms that are selected to be used in the MEOR process would have to 
be able to grow in the oil reservoir environment and produce the required chemicals. 
Considering the growth conditions of most of the microorganisms, the reservoir conditions 
are harsh along with high temperature, high pressure and high salinity. However, there are 
specialised microorganisms which show metabolic activities under these hostile conditions. 
Hence, the studies of the reservoir conditions have led researchers to use and apply various 
members of hyperthermophiles, halophiles, and extremophiles in the MEOR processes (Table 
3). Moreover, anaerobic or facultative anaerobic microorganisms will be preferred over the 
aerobes for the MEOR process as extra pumping of air/oxygen will be required in the latter 
case which will increase the cost of the process. However, one can argue that with aerobic 
microorganisms one will be able to regulate the growth of the microorganisms by regulating 
the air supply and will have better control of the process. Furthermore, the microorganisms 
which are able to utilise long chain hydrocarbons will be more suitable in comparison to those 
that can grow only on simple sugars.
Experiments already proved that with minimal supplementation, growth of naturally 
occurring microorganisms can be guided to produce viscosifying agents to help oil recovery. 
Bacillus JF-2 strain produces a surface active lipopeptide under aerobic, microaerophillic, and 
anaerobic conditions (Folmsbee et. al, 2006). The lipopeptide surfactant produced by this 
strain is one of the few bio-surfactants that can generate ultra- low interfacial tensions 
required for recovery of entrapped oil in the petroleum reservoirs. (Mclnerney et. al, 1990) 
Organisms used in the MEOR research are facultative anaerobes, and are generally native to 
the formation waters. These organisms consist of a mixed culture of various bacteria
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dominated by Bacillus genus. Microbes require nutrients for their growth. The nutrients 
consist of sources for the major elements, carbon, nitrogen, oxygen, phosphorous, sulphur, 
and minor elements such as iron, zinc, and manganese. In addition, the microbes also need as 
an energy source. (Khire and Khan 1994)
The most popular microorganism, apart from withstanding the reservoir conditions would 
have to be able to produce bio-surfactants, acids, polymers and gases.
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Table 3. Microbial products and their applications in MEOR (Al-Sulaimani et. al, 2011)
Product Microorganism Application in oil recovery
Biomass
Bacillus licheniformis Selective biomass plugging
Leuconostoc mesenteroides Viscosity reduction
Xanthomonas campestris
Oil degradation, wetability 
Alteration
Biosurfactants (emulsan, 
sophorolipids, 
peptidolipid, 
rhamnolipid)
Acinetobacter calcoaceticus
Emulsification, decrease of 
interfacial tension, viscosity 
reduction
Arthrobacter paraffineus
Bacillus licheniformis
Clostridium pasteurianum
Corynebacterium fasciens
Pseudomonas rubescens
Biopolymers (alginate, 
xanthan, dextran, 
pullulan)
Bacillus polymyxa
Injectivity profile 
modification, mobility control
Brevibacterium viscogenes
Leuconostoc mesenteroides
Xanthomonas campestris
Solvents («-butanol, 
acetone, ethanol)
Clostridium acetobutylicum
Oil dissolution, viscosity 
Reduction
Clostridium pasteurianum
Zymomonas mobilis
Acids (acetate, butyrate)
Clostridium spp. Permeability increase. 
EmulsificationEnterobacter aerogenes
Gases (CO2 , CH4 , H2)
Clostridium acetobutylicum Increased pressure, oil 
swelling, decrease of 
interfacial tension, viscosity 
reduction, permeability 
increase
Enterobacter aerogenes
Methanobacterium sp.
1.9 The use of aerobic and anaerobic organisms
The oil reservoir microbiology has been described by, firstly by the distribution of indigenous 
bacteria, secondly by the physiology of the bacteria under the conditions of the oil well, 
thirdly by the interaction of inoculated bacteria with the indigenous bacteria, and fourthly by 
controlling the micro flora activity in the reservoir by injection of number of organisms and
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other materials that stimulate the activity of the bacteria in order to bring a positive results to 
the oil recovery process.
Some researches prefer anaerobic organisms for the MEOR process, because the oil bearing 
formation contains no oxygen. However, the anaerobic organisms release energy slowly and 
this will have lesser tendencies to generate sufficient heat to raise temperatures above the 
level at which bacteria can live. Due to the slow release of energy these bacteria cannot attack 
the low molecular weight hydrocarbon chain, which have less than 1 0  carbon atoms per 
molecule. The anaerobes attack the higher molecular weight of hydrocarbon to produce 
carbon dioxide. Consequently, this gas dissolves in the remainder oil and increases the 
volume and decreases the viscosity. Due to the slow release of energy this process is not 
considered in MEOR process since this will delay the oil recovery operation.
Jones (1963), suggested the use of aerobic bacteria and their advantageous and disadvantages. 
The use of aerobes release more energy in comparison to the anaerobes, and the release of 
energy are more rapid, which this may lead to a spontaneous ignition of the oil. The aerobic 
organisms, under restricted oxygen supply, produce alcohol, aldehydes and ketones during the 
oxidation that even if the organic matters do not ignite, the temperature of the oil well rapidly 
increase to the level where the bacteria can survive. This has discouraged the use of aerobic 
bacteria in the oil recovery. Therefore, the suggestion is to use a cooling agent along with the 
culture of aerobic bacteria, to prevent the rise of temperature above the desired level. The 
most important microorganisms that have potential in the MEOR process are those which 
produce bio-surfactants. The bio-surfactant producing microorganisms are well documented 
(Banat, 1995, ; Jennings and Tanner 2004). Bio-surfactant producing bacteria appear to be 
found in soils which have been exposed to hydrocarbon contamination, and they seem 
predominantly from the members of Bacillus and Pseudomonas genera.
For instance. Bacillus subtilis produces a cyclic lipo-peptide that is known as surfactin 
(Shreve, et. al., 1995). Arthrobacter, Mycobacterium and Nacordia are among the other 
genera whose members produce bio-surfactant such as trehalose and glycolipids (Kosaric, 
2001). Clostridium pasteurianum, an anaerobic organism that has been isolated from the oil 
field and produces neutral lipid surfactant.
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Many researchers have mentioned about isolating microorganisms such as Pseudomonas 
species and Rhodococcus species from the hydrocarbon contaminated sites and hydrocarbon 
degrading cultures (Bouchez-Naitali et. al., 1999). These bacteria have a broad affinity for 
hydrocarbons and can degrade selected alkanes, alicyclic, thiophenes, and aromatics. Within 
each genus also there are a range of strains that produces bio-surfactants, such as 
rhamnolipids and trehaloselipids. From the above organisms Rhodococcus species are more 
hydrophobic and have a higher affinity for hydrocarbon-water interfaces than Pseudomonas 
species (Strinfellow and Alvararez-Cohen, 1999).
Microorganisms which can be potentially useful for the MEOR process can be isolated from 
many sources:
• Soil contaminated with the crude oil or its fractions, soil around the oil wells, 
automobile garages,
• From the soil or water contaminated with oil spills,
• From crude oil and
• From the oil well injection water.
1.9.1 Microorganisms in Petroleum Wells and unsuccessful method
Microorganisms may enter the reservoir via the water flooding or when the well is getting 
drilled (through the mud). These microorganisms often cause serious problems such as 
pipeline corrosion, plugging of the reservoirs due to aggregation of cell mass or precipitation 
of metabolites, souring of the crude oil, and degradation of chemicals used in EOR processes. 
Such uncontrolled microbial actions, may lead to further oil recovery. MEOR represents the 
bulk of the microbial techniques developed over the years for the purpose of enhancing oil 
recovery from the reservoirs that have already undergone second water flooding.
Another pioneer study was carried out by Kuznestov that took a different dimension then 
Zobell’s studies (1943). In the middle Volga region (of old USSR), Ekzertsev investigated 
that oil deposits, also contains bacteria that are capable of using oil anaerobically to form 
gaseous products. The main volumetric products were: methane (20 to 40%), carbon dioxide 
(23 to 46%), and nitrogen (56 to 73%), while hydrogen was produced in trace amount.
An attempt was made by Kuznestov, to decrease the viscosity and to improve the mobility of 
oil by introducing an enrichment culture of these bacteria into the stratum. He then assumed 
that the bacteria would multiply by first consuming the molasses/ nutrients and then beginning 
to break down the oil to form methane. The microorganisms that were inoculated from the
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different oil wells throughout this study were: Arthrobacter, Clostridium, Peptococcus, 
Pseudomonas, Mycobacterium, Micrococcus, and Bacillus.
The above bacteria are chosen, because they can adapt to the reservoir conditions, and 
metabolise oil in the laboratory. Field test were made in Semovodsk oil field. They incubated 
54cm^ of mixed bacterial cultures, which had grown in the 4% molasses medium into the 
reservoir under anaerobic conditions. The well was shut down for six months. At the end the 
results were:
1. Well head pressure increased by 1.5 atm (152 KPa)
2. Oil viscosity increased from 40.3 to 49.3 cp
3. When the well re-opened, the rate of production of oil increased from 37 to 40 tons per 
day while water production decreased by 25%.
Kuznestov, observed that the oil production slightly increased from 37 to 40 tons per day. 
However, after 4 months later, production decreased to 36.5 tons per day and the water 
production decreased to 25% therefore; the field test was not considered to be a significant 
success.
1.10 Emulsification of crude oil
An emulsion is a dispersion of droplets of one liquid in another where it is incompletely 
miscible. Emulsification is controlled by properties of the adsorbed layers that stabilises the 
oil in water surface. In a dynamic process, emulsion properties are essential. The complexity 
of emulsion of petroleum is from the composition of oil itself as a result of the surface active 
molecules present within crude oil. These molecules can cover a large range of chemical 
structure, molecular weight, and Hydrophilic to Lypophilic Balance (HLB) value. Some low 
molecular weight such as fatty acids, naphthenic acid, and asphaltenes that have surface active 
properties, can interact at the oil to water interface and aid in the émulsification process. 
However, in the petroleum industry, the emulsions were formed by water droplets dispersion 
in the oil phase and the reverse process was possible too (Banat, 1995; Fiechter, 1992; 
Kosaric, 2001; Karanth et. al., (1991)).
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1.11 Economies of MEOR
The economics of MEOR is excellent because, no major expenditure is required to conduct 
this process. Dietrich et. al, (1996) concluded that on five microbial projects the increased 
production has paid all the expenses and has resulted in profit too. The average cost of each 
incremental microbial enhanced oil recovery was $3.10 per barrel. Earlier in 1995, Portwood 
calculated this figure and the cost of barrel produced from MEOR was $2.0. (Dietrich et. al., 
1999) forecasted the incremental barrel costs less than 2 $/barrel. However, with recent high 
oil prices, more profit per barrel would be expected and currently (June 2012) the crude oil 
price is $90.76 per barrel.
The National Institute of Petroleum and Energy Research has estimated that in the United 
States 27% of the oil reservoirs (Banat, 1995) and 40% of the oil producing carbonate 
reservoirs may be suitable for MEOR. Injection of bio-surfactants and bacteria such as 
Pseudomonas aeruginosa, Xanthomonas campestrsi. Bacillus lichenioformis and 
Desulfovihrio desulfuricansalong with nutrients showed increase in oil recovery by 30- 200%. 
During the Exxon Valdez’s oil spill in Alaska, some research in situ was carried out which 
indicated that bio-surfactants could remove polluting agents from the environment. These bio­
surfactants were produced by Pseudomonas aeruginosa SB30 to remove the oil from the 
gravel.
Surfactants usually are produced by aerobes but, (Cooper et. al, 1980) isolated neutral lipids 
from Clostridium pasteurianum which is an anaerobe. Bio-surfactant producing bacteria 
appear to be found in soils which have been exposed to hydrocarbon contamination, and they 
seem to predominantly be members of Bacillus and Pseudomonas genera. For instance, 
Bacillus subtilis produces a cyclic lipopeptide that is known as surfactin (Shreve et. al, 1995). 
For bacteria that grow on hydrocarbons, their growth rate can be limited by the interfacial 
surface area between water and oil (Hauser et. al.,, 1954). While the surface area becomes a 
limiting factor, the biomass increases arithmetically rather than exponentially. This is 
because, the émulsification is a natural process brought by extra-cellular agents. 
Emulsification is a cell density dependent phenomenon, therefore, greater the number of cells, 
higher the concentration of extra-cellular product. Surfactin is one of the most active bio­
surfactant (Lazar, el al, 1995). Also one of the very well known surfactant that is produced 
by Pseudomonas species is rhamnolipid (Boulton and Ratledge, 1987).
Current studies indicate that during the bio-treatment several properties of crude oil are 
affected:
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1. It is emulsified
2. It is acidified
3. Shows qualitative and quantitative change in light and heavy fraction of crude.
4. Slows down the chemical changes in fractions containing sulphur compounds, and 
apparent solubility of trace metal.
5. Slows down the quantitative and qualitative chemical and physical changes appear to be 
microbial species dependent.
In MEOR, microorganisms in reservoirs are stimulated by bio-surfactant produced by the 
application of organisms to provide the maximum assistance to the oil by lowering its 
interfacial tension within the oil- rock interface.
1.12 Sour and Sweet Crude Oil
Before refining crude oil, the crude has very little use and this will affect the demand on the 
crude and traders are more interested on the final product of petroleum. The two most 
important qualities of crude oil are viscosity and sulphur content. The crude oil with the lower 
density are known as light crude and usually produces a higher proportion of the most 
valuable final petroleum products such as gasoline. (Fattouh 2010)
Sulphur is a naturally occurring element in crude oil is an undesirable property and refiners 
have to make heavy investment in order to remove the sulphur. Crude with high sulphur 
content (greater than 0.5%) is sour crude. This crude can be potentially toxic and corrosive; 
therefore prior to transportation, hydrogen sulphide must be removed from the crude for 
safety reasons (Gieg et. al, 2011).
The main countries with sour crude oil are; North America (Canada), South America 
(Mexico, Venezuela), and the Middle East (Saudi Arabia, Iraq, Iran, and Kuwait).
Sweet crude oil is a type of petroleum with less than 0.42% of sulphur content. This type of 
petroleum is in high demand, due to the presence of small amount of hydrogen sulphide and 
carbon dioxide.
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CHAPTER 2
MATERIALS AND METHODS
The laboratory equipments used in this project were as follows:
Laminar air flow cabinet; 55 °C Incubator (Hearson, USA); 60°C shaking incubator, 
Controlled Environment Incubator Shaker (New Brunswick Scientific N.J. USA); 37°C 
Shaker, Orbital Incubator SI50 (Stuart Scientific, UK); 55 °C shaker. Orbital Incubator SI50 
(Stuart Scientific, UK); Digital pH meter (Mettler Toledo, UK), Delta 350 UVWIS Lambda 2 
Spectrophotometer (Perkin-Elmer, USA); Shaker, Heidolph MR 3001; Beckman Coulter, Z2 
Coulter, Particle Count and Size Analyzer (Beckman).
Table 4. Crude oil samples were obtained from an Iranian oil field located in Ahvaz had the 
following properties:
The empirical formula of the oil C22 H40 ON
Gravity 33.07 "API
Boiling Point >320 F (160 °C)
Specific Gravity at 15.56/ 15.56 °C 0.8453
Sulphur content 1.28 wt. %
Nitrogen content 0.05 wt. %
Ash content 0 . 0 1 0  wt. %
HzS content < 1  ppm
Pour point -28 °C
Viscosity 5mm^/s
Crude oil samples obtained from two different oil wells and one injection water (Ahvaz, Iran 
back in 2002), were collected in sterile bottles. Temperature of the reservoir is 40°C. Samples 
were stored at room temperature until use. For isolation of microorganisms, two different 
methods were used. Direct isolation was performed by serially diluting crude oil samples, that
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were inoculated on nutrient broth (NB), nutrient agar (NA), and semi defined medium (SD) 
(refer to the composition on page 33 and 35).
Plates were incubated both in aerobic and anaerobic conditions at different temperature (37 
and 55°C). The nutrient broth were prepared in 500ml glass bottles containing 250ml of NB/ 
SD, supplemented with 5% of crude oil or 1% of hexadecane as a source of carbon source 
when crude was not added to the broth. Crude oil samples were transferred to the bottles in 
sterile conditions and incubated at 37°C and 55°C overnight. To isolate bacterial strains, 
samples of the cultures were spread onto nutrient agar plates then were incubated at 37 and 
55°C, under aerobic and anaerobic conditions. After incubation, morphologically distinct 
colonies were re-isolated by being transferred to a fresh agar plate three times to obtain pure 
cultures. Isolated purity was verified through microscopic observation of gram staining. Pure 
cultures then stored at -70°C in LG solution (refer to page 36).
2.1 The MEOR Process at the University of Surrey (UniS)
• Isolating selective microbes, which have potential for MEOR process
• Also microbe isolation and characterisation for bio-desulphurisation
• Large application of the process during the shipment
In the Unis lab, some microorganisms were isolated from the oil contaminated by soil that 
was obtained from a local car garage in Woking, crude oil and well water injection from the 
Iranian oil field in Ahvaz. The microorganisms grew in the presence of crude oil, nutrient 
agar, and semi defined medium.
From a local small Garage in the town of Woking, Surrey, soil sample was obtained. The part 
of the floor of the garage was un-paved. In the garage, there was a lot of un-paved area that 
were heavily contaminated with the spilled engine oil. There the soil was contaminated with 
the oil probably for many years (2 to 5 years). The sample was taken from the soil area which 
was most heavily contaminated and for longer period.
The use of soil from a car garage was because; biodégradation of complex hydrocarbon 
usually requires the cooperation of more than one species (Ghazali et. al., 2004). Also this is 
particularly true in areas such as petroleum reservoirs on the oil fields where there are
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numbers of pollution. Individual microorganisms can mobilise only limited range of 
hydrocarbon substrates, so assemblage of mixed population within overall broad enzymatic 
capacities are required to bring the rate and extend the petroleum biodégradation. Further 
evidence for the cooperation of mixed cultures in biodégradation is apparent when Sorkhok 
et. al., 1995, observed a sequential change of the composition of the oil- degrading bacteria 
over a period of time in sand samples that were contaminated with oil.
Following to the above findings and research, decided to employ this method to this project. 
However, the number of the microbial community has a significant role and may need to be 
dependent on other species or strains to be able to survive under the harsh environmental 
conditions where, the source of energy is limited and confined to complex carbon.
These isolates were sent for identification and characterisation for their bio-surfactants, acids, 
polymers, and gas production. The isolates were re-cultured and allowed to grow and multiply 
to study their growth for different substrate, temperature, pH range, and their optical density. 
The obtained results were satisfactory and showed that the microorganisms were capable of 
tolerating high pressure, high salinity and high temperature. However if these microorganisms 
require further modification then the genetic modification is applied in later stages of this 
research.
2.2 Media, Buffers, and Solutions
The work was carried out to isolate mesophilic, thermophilic and halophilic microorganisms 
and the media which had already been used for the growth of such microorganisms were 
selected for the isolation and growth of the microorganisms for this study.
All the solutions were prepared using distilled water. All plate media contained agar at a 
concentration of (2 0 g/l) in the appropriate liquid medium.
2.2.1 Nutrient Broth Medium
This medium was obtained from Oxoid Limited (UK), and prepared according to the 
manufacturer direction and then it was autoclaved for sterilisation.
2.2.2 Nutrient Agar
Nutrient agar was also provided from Oxoid Limited (UK), and prepared according to the 
manufacturer’s directions. The composition of this agar is Peptone 5.0g/L, Meat Extract
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3.0g/L, Agar 15.0g/L, and distilled water IL. Finally the pH is adjusted to 7.0. Then it was 
autoclaved for sterilisation.
2.2.3 Trace element stock solution (IE)
Table 5. The composition of trace element stock solution
Trace element stock solution (TEt Concentration in g/1
Zinc sulphate (heptahydrate) 0.4
Boric acid 0 . 0 1
Colbalt chloride (hexahydrate) 0.05
Copper sulphate (pentahydrate) 0 . 2
Nickel chloride (hexahydrate) 0 . 0 1
Ferrous sulphate (heptahydrate) 0.5
EDTA 0.25
Distilled water to 1000ml. Stored at 4°C.
The medium was adjusted to pH 7.0 with 0.5 M sodium hydroxide or 0.5M hydrochloric acid 
and autoclaved. Then 1 ml of each of filtered-sterilised stock solution of vitamins and 
methionine was added. Both vitamin and methionine stock solutions were filtered-sterilised 
through pre-sterilised disposable filters (Sartorious) with pore size of 0.2 pm.
Separately sterilised carbon source (glucose, sucrose, or xylose etc.) was then added to the 
final concentration of 1 0  g/1 medium unless otherwise stated.
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2.2.4 Aerobic defined Medium or Minimal Medium (MM) 
Table 6 . The composition of Semi-defined medium
Seml-defined medium (SD) Concentration g/1
Citric acid 0.32
Disodium hydrogen orthophosphate (anhydrous) 2 . 0
Magnesium sulphate (heptahydrate) 0.4
Potassium sulphate 0.3
Ammonium chloride 2 . 0
Manganese chloride (tetrahydrate) 0.003
Ferric chloride 0.007
Methionine 1.5
Isoleucine 1.5
Serine 1.5
Glutamic acid 4.5
Trace elements stock solution (TE) 1 . 0  ml
Distilled water to 1000ml
2.2.5 Blood agar
Blood agar plates were purchased from Oxoid Limited (Basingstoke, Hampshire, UK). This 
medium is used for the bio-surfactant production of the bacterial strains.
2.2.6 Methylene Blue Agar
This is simply semi-defined or defined medium, which methylene blue is added as mentioned 
below:
Methylene blue 0.005 g/L and Cetyltrimethylammonium bromide (CTAB) or hexadecyl tri- 
methyl-ammonium bromide 0.2 g/L. Other elements such as carbon sources, in appropriate 
concentrations, were added and sterilised separately [glucose to final concentration of 1 Og/L
(autoclaved) or hexadecane to final concentration of 20 ml/L (filter- sterilised through 0.2 Mm 
pore size filter)]. This medium is used to assay for the anionic surfactants.
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2.2.7 Preservation o f the culture
Grow the cells to the required optical density
Dispense equal volume of the culture and LG solution in cryo-tubes
Vortex for 30 seconds and preserve in -70°C
2.2.8 LG solution
ComDosition of LG Solution Volume
Glycerol 20 ml
Lactose lOg/L
Deionised water to 100 ml
1. Measure out approximately 90% of the final required volume of deionised water for 
example 900ml for a final volume of 1000ml.
2. While stirring the water add all the components described in the table per litre and stir 
until completely dissolved.
3. Addition distilled water to bring the medium to the final volume into a measuring 
cylinder.
4. Dispense the medium into the autoclaving tap bottles.
5. Filters sterilise through 0.2pm Membrane or sterilise solution by autoclaving at 121 °C 
for 2 0  minutes.
2.3 Bacterial Strains
Microorganisms were isolated from the following sources:
1. Iranian oil well core samples and injection water samples
2. Soil samples (contaminated with petrol, diesel, and engine lubricating oil) from a car 
garage in Surrey, UK.
3. Pseudomonasputida purchased from ATCC.
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2.4 Characterisation of the isolates
The morphology of the bacteria was examined by a microscope.
1. A microscope slide was mounted by streaking a smear.
2. The smear was air-dried and fixed by passing over the flame 2 to 3 times.
3. The slide was placed on top of a staining rack.
2.4.1 Procedure for Gram Staining
1. Place the slide on a rack over a sink.
2. Flood the slide with Crystal Violet Solution for 2 minutes.
3. Tip the Crystal Violet solution in the sink to waste.
4. Flood the slide with Gram’s Iodine solution for 2 minutes.
5. Tip the Gram’s Iodine solution in the sink to waste.
6 . Briefly (2-3 seconds) distain the slide with acetone.
7. Wash the slide thoroughly under the running tap-water.
8 . Flood the slide with Safranine for 2 minutes.
9. Wash the slide thoroughly under the running tap-water.
10. Air-dry the slide, which is then ready for microscopy.
11. Gram positive bacteria have cell walls which retain the primary stain and so the stain
purple. In gram negative bacteria the acetone decolourises the cell wall and these are
visualised by the pink stains.
2.5 Procedures for the isolation of microorganisms
Two oil well core samples were obtained from an Iranian oil field, designated Oil 1, and 2 
(two different oil samples). The other samples were also obtained from the premises of a 
commercial garage, contaminated with engine oil. The samples were grown in the following 
media to isolate the microorganisms;
1. Growth on nutrient broth (N.B) to enrich the culture
2. Growth on agar plates to isolate the colonies
3. On blood agar plates to isolate microbes with surfactant activity
These samples were cultured in nutrient broth to isolate the microorganisms. Nutrient broth
was prepared according to the manufactures direction in 250ml conical flask containing
100ml medium and then inoculated with 4, 6 , 10 and 12 ml of oil sample 1 and 2. Cultures
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were incubated at 37 and 50°C in shaking incubators. Under aerobic conditions, no growth 
was observed between days 1 to day 14. Similar procedures were carried out to investigate 
anaerobic conditions. The anaerobic conditions were established by closing the mouth of the 
conical flask with suba-seals sparging nitrogen gas through the flasks. Nitrogen was sparged 
at 3 Psi pressure, suitable for low flow rate, for 2 minutes duration.
2.5.1 General procedures to isolate MEOR microorganisms
Figure 1. Basic procedures of isolating microorganism/s from variable volume of crude oil 
Soil 1 +N.B. (100ml) +
4, 6 , 10, 12% of obtained crude oil (4, 6 , 10, 12 ml of oil)
X-
Incubate flasks at 37/ 55°C for 2 to 3 days
X-
Plate out the cultures onto Nutrient agar and incubate at the required temperatures
X
Sub-culture the colonies to obtain pure single colonies
2.5.2 Tests for bio-surfactant activities
Single colonies were isolated and used to inoculate the blood agar plate medium (an enriched 
medium for bacterial growth and to detect surfactant activities) as bio-surfactants cause lysis 
of the red blood cells. Plates were examined after one day incubation for appearances of the 
zone of haemolysis.
Figure 2. The above diagram illustrates blood agar plate and colony streak.
Blood Agar
Streak of single colony
Clearance Zone
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A single colony was streaked onto the blood agar and incubated at 37°C for 24 hours. 
Following day, the zone of clearance was examined and the colonies without a zone of 
clearance were discarded and eliminated from the future tests.
Bacteria that had produced a clearance zone were preserved for further experimental works at 
temperature of -70 °C. This was simply done by adding equal amount of 50% (v/v) glycerol to 
50ml of the culture and kept frozen at -70°C.
2.6 Growth media for halpohile organisms
Table 7. The composition of two solutions that were prepared for the halophile organisms
Solution A Solution B
NaCl lOO.Og Nutrient Broth 13.0g
KCl 3.0g Water 1 0 0 0 ml
MgS04 2 0 .0 g
Water 1 0 0 0 ml
Solutions A and B were autoclaved separately, and then the two solutions were mixed when 
their temperatures had dropped to 40-50° C. 100ml of the solution aliquots were poured into 
conical flasks and mixed using a shaker. 5 and 10ml of the oil samples (Oil Well*, E1P3, and 
N4W7) were added, and the 1, 2, and 3 injection water samples were put in separate flasks. 
Bacterial growth was monitored after overnight incubation at 60°C.
2.6.1 Isolation o f halophilic organisms
Organisms that require a salt-rich environment for growth and survival are known as 
halophiles. A specific medium (M-168) was used to detect the halophilic organisms:
2.6.2 Luria- Bertani (LB) Medium
Table 8 . The composition of LB medium
Casein enzymic hydrolysate lO.Og
Yeast extracts 5.0g
Sodium Chloride 5.0g
Agar 1.5% and pH 7.0
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2.6.3 M-168 medium
Table 9. The composition of Medium M-168:
Component Per litre
Trisodium citrate 3.0 g
MgS04.7H20 2 0 . 0  g
KCl 2 . 0  g
NaCl 2 0 0  g
FeS04.7H20 0.05 g
MnCl2.4H20 0.36 mg
Casein hydrolysate 5.0 g
Yeast extract 5.0 g
Sodium glutamate 2 . 0  g
Agar powder in solution A (if solid 
medium required)
15.0 g
pH to 7.0 with NaOH
Autoclaved at 121 °C for 30 min.
Solution A*
Solution B*
* Solutions A & B are prepared and autoclaved separately and then mixed.M168 medium 
contains high salt concentrations especially those of sodium and potassium and it is a medium 
in which only high salt loving (halophilic) microorganisms can grow. This medium is 
selectively used for the growth of halophiles. The halophiles cannot grow in the commonly 
used media and they require a growth medium such as M l6 8  medium which has high salt 
levels and due to the salinity of the reservoirs cannot eliminate the fact of the possibility of the 
presence of halophilic microorganisms in the reservoir samples. Furthermore, the 
microorganisms which will be used in the MEOR work, at least some of them should have 
halophilic properties. Therefore, in addition to the other mediums. M l6 8  medium was also 
used in this study. Reservoir temperature varies from well to well and the temperature 
distribution may not be homogeneous either throughout the reservoir system. Therefore, 
isolation of both mesophilic and thermophilic microorganisms were carried out in this study. 
For the isolation of the mesophilic microorganims, the growth was carried out at 37°C and for 
those of thermophiles, it was carried out at 55°C, therefore it was decided to use these two 
sets of temperatures.
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2.7 Preservation of Bacteria
Figure 3. Step by step procedures of preserving bacteria
V
V
V
Grow the single colony on Nutrient agar
overnight.
Once the single colonies were obtained, they 
were transferred into Nutrient broth and then 
incubated further at the same temperature.
Growth was evaluated by measuring the 
turbidity of the medium.
1ml aliquot was added to 1ml of 50% 
prepared Glycerol (50ml Glycerol and 50ml
of distilled water) in the Eppendorf tubes and 
then put them at - 70°C for future use.
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2.8 Isolation of strains from other oil samples
Several oil and injection water samples were examined for the presence of halophilic 
organisms and also for the presence of any other bacterial activities. These samples were:
1. E3P6
2. N4W7
3. N2E3
4. E 1P3
5. N2A2
6 . Oil Well 3
7. Oil Well *
8 . Oil Well 4
9. Oil Well 1 SP2
10. Injection Water 1
11. Injection Water 2
12. Injection Water 3
Temp 114.4 °C, Pressure 670 Psi, Zone Bangeston 
Depth 3034 m, temp 95.5°C, Pressure 604 Psi, Zone Paydar 
Temp 114.4°C, Zone Asmari
Temp 88.9°C, Pressure 875 Psi
There were a total of 12 samples of which, 3 of them were oil well injection water samples 
and the rest were oil well core samples.
2.9 Bacterial growth measurement
The growth of the bacterial cultures was determined by measuring the absorbance of each 
culture at a wavelength of 600nm using a Perkin-Elmer Lambda 2 Spectrophotometer.
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CHAPTER 3
RESULTS AND DISCUSSION
The following will clarify and explain the concepts of several of isolation of three variable 
types of microorganisms by utilising different methods.
3.1 Isolation of Microorganisms
Different growth media were used for the isolation of various kinds of microorganisms which 
could be used in the MEOR process. Work was carried out to isolate three kinds of 
microorganisms, i.e., mesophiles, thermophiles, and halophiles. For the isolation of 
mesophiles and thermophiles, minimal medium and complex media (Nutrient broth and 
Nutrient agar) with added crude oil or hexadecane were used. For the isolation of halophiles. 
M l6 8  (refer to section 2.6.3) medium was used. The microorganisms were isolated from the 
soil samples contaminated with crude oil and from well injection water (obtained from the 
Iranian oil field).
To isolate the microorganisms from soil sample (from the car garage), 0.5g to Ig of the soil
sample was suspended in pre-sterilised 5 ml Minimal medium and was allowed to stand for 5
minutes and then 0.5 ml of this supernatant was added to pre-sterilised 50 ml of either
Nutrient broth or Minimal medium containing 5 to 20% crude oil or 10ml of hexadecane in a
250 ml conical flask note that each sample was repeated twice for accuracy purposes. To
isolate microorganisms from the injection water or crude oil were added directly to the growth
medium. These flasks were incubated in 37°C using incubating shakers. The following day,
the flasks were checked for growth and the culture optical density (OD) that was measured at
600 nano-meter (nm) using the medium as a blank reference. Once the growth had reached
the required level, 0.05ml of the culture was serially diluted and spread on to the Nutrient agar
plate. The purpose of serial dilution is to determine the number of bacteria per unit volume in
the original culture. Serial dilutions are set up by carefully measuring diluents, usually media
into several tubes. To complete the dilution, tube 1 will be inoculated with 0.05 ml of culture
to give a 1:10 dilution. Tube 2 will be inoculated with 0.05ml from tube 1 to give a 1:100
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dilution. Tube 3 will be inoculated with 0.05ml from tube 2 to give a 1:1000 dilution. The 
plates (serially diluted) were then incubated overnight at 37°C. Colonies with different 
morphology were seen on these plates the following day (24hours). Isolated colonies of each 
kind were picked and sub-streaked again to obtain the pure culture. Single colonies were 
picked again from these sub-streaks and grown on the required nutrient agar plate to get 
sufficient growth for their further characterisation. Once the pure culture had been obtained, 
the cultures were preserved in -70 °C freezer, using the correct media composition as 
mentioned in section 2.2.7 (Chapter 2).
The above procedures were used to isolate the halophilic microorganisms. To isolate 
halophilic microorganisms, the soil sample (from the car garage) was suspended in M l6 8  
broth instead of the Minimal medium and was left to stand for 5 minutes and then 0.5 ml of 
this suspension was added to pre-sterilised 50 ml M l6 8  broth. However, the well injection 
(from the Iranian oil field) or soil sample were suspended in Ml 6 8  broth instead of Nutrient 
broth or Minimal medium and was left to stand for 5 minutes and then 0.5ml of this 
suspension was added to pre-sterilised 50ml M l6 8  broth containing 5 to 20% crude oil or 
10ml of hexadecane in a 250ml conical flask. These flasks were incubated in 37°C and 55°C 
incubating shakers. The isolated colonies were maintained on M l6 8  plates containing 20g/l 
agar. Using this procedure, 100 individual isolates were obtained from various samples. They 
were then characterised for their bio-surfactant activities. To study the bio-surfactant activity, 
the isolates were streaked onto the Blood agar plates. All the obtained samples were repeated 
twice for avoiding errors.
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Figure 4. Following is the flow diagram for the methodology which has used for MEOR 
project at UniS
Isolation of microorganisms from oil 
contaminated soil, crude oil, and well 
injection water for the MEOR process 
capable of growing in the presence of 
crude oil or long chain hydrocarbons.
Characterisation of the isolates for 
their tolerance to reservoir conditions 
(pressure, temperature, salinity) at the 
lab scale
Field application of the selected 
microorganism(s)
Identification and 
characterisation of the isolates 
for their bio-surfactant, acids, 
polymers, and gas production.
Growth studies of the isolates 
for different substrate, 
temperature and pH range.
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3.2 Characterisation of the Isolates
Good microbiological practices depends on several principals such as aseptic techniques, 
control of media, control of test strains, control of equipment, diligent recording, and 
evaluating data. All the mentioned principals have been adhered all throughout the 
experimental procedures. Reference cultures or media control samples are used for:
• Quality control of media
• Test method validation and,
• Control of test reagents.
The bio-surfactant activities of the mesophilic isolates were determined by the formation of 
the zone of clearance (halo) on blood agar plate as described by Kenny et. al, 1991. The bio­
surfactant activities of thermophilic isolates were determined on Nutrient agar plates 
containing Methylene Blue. While the bio-surfactant activities of the halophilic 
microorganisms were determined on M l6 8  agar plate medium containing Methylene Blue.
The bio-surfactant activity was determined from the induced and un-induced cultures. While 
for the non induced cultures, the isolates were grown at their respective temperature on 
Nutrient agar or M l6 8  plate medium to induce the bio-surfactant activity, they were grown in 
their respective media and temperature, in the presence of hexadecane or crude oil. 
Sometimes the isolates which were grown in liquid culture were also used to determine the 
bio-surfactant activities. These freshly grown cultures were then used to inoculate the blood 
agar or Methylene Blue plates. The plates were then incubated at the required temperatures 
(37°C for mesophiles and 55°C for thermophiles) for 24 to 48 hours. A zone of clearance on 
these plates around the bacterial streak was observed and the sizes of these areas were taken 
as the indications of the extent with which, these isolates could give the bio-surfactant activity 
(Figure 5).
Incubation of the Blood agar plate was continued on for 5 days and the clearance zone was 
measured every day consecutively. The maximum zone of clearance (refer to table 13) for 
example isolate JA4 showed halo that was measured to be 1.6 cm that appeared after 24 hours 
of incubation but, the increase in the zone was not significant thereafter. However, when a 
culture was induced by adding the crude oil or hexadecane in the growth medium and then 
streaked on to the Blood agar plates, the zone of clearance continued to increase to ( 2.6 cm in 
isolate JA4) for 4 days of incubation, indicating that 4 days incubation was sufficient enough 
for this study.
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CTAB (Cetyl trimethylammonium bromide) was used in the methylene blue agar; the reason 
for this is because, CTAB is cationic surfactant and antiseptic agent used against bacteria and 
fungi and is a buffer solution for the extraction of DNA. Is also used to precipitate DNA, and 
it is the optimum medium component for bio-surfactants. A total of 100 colonies were tested 
for the bio-surfactant activities, 42 of them showed the bio-surfactant activities. These were 
then further characterised for their growth characteristics and 5 of the isolates were identified 
using 16SrDNA analysis.
Figure 5. The images illustrate the zone of clearance produced by the bio-surfactant producing 
microorganisms on blood agar plate.
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3.3 Growth Characterisation of the Isolates
Apart from the bio-surfactant activities, these isolates were characterised for their biomass 
formation and acid production. The mesophilic isolates were grown at 37°C while the 
thermophilic isolates were grown at 55°C (all the samples were duplicated for accuracy). 
They were grown at different temperatures in Minimal and complex media with different 
carbon substrates and their OD and pH level were measured. The acid production was initially 
determined by the drop of pH level. These results are illustrated in Tables 10 and 11. Out of 
the 42 isolates, 26 were obtained at 37°C and the rest of the cultures were isolated at 55°C. 
All of these isolates were capable of growing on common sugars (glucose and sucrose).
Table 10 shows the growth studies performed for the mesophilic isolates obtained at 37°C. 
The growth was monitored daily up to 5 days for their maximum bacterial growth and this 
was monitored by the measurement of their optical density at 600nm. On the 5^ '’ day, the pH 
levels of these samples were also measured. On this basis of growth they could be divided 
into different groups:
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Group 1: These isolates showed an increase in growth for five days and grew slowly (the 
isolates, JAl, JA2, JA6, JA7, and JA13 to JA16).
Group 2: Their OD continued to increase for five days but, as compared to those of Group 1, 
it reached higher levels (such as the isolates, JA4).
Group 3: Their OD increased to maximum after one day and thereafter either it remained the 
same or marginally increased (the isolates JA3, JA9 to JA12, and JA l9).
Group 4: Their OD initially increased within 1 to 3 days but, thereafter it started decreasing 
indicating that the cells were being lysed (the isolates, JA20 to JA26).
The OD of representative strains of different groups is given in table 10 and 11. Some of the 
samples gave an optical density (OD) reading of 1.60 on the 5^  ^ day (JA5) which was the 
highest reading, where as the lowest reading was 0.14 on the 5^  ^day (JAl 8). The pH levels of 
these samples were only slightly varied and they were within a close range between 6.8 and 
7.34.
Tables 10 and 11 also show the sizes of the zone of clearance of different isolates. These 
results showed significant variability in zone of clearance by different strains. On the basis of 
the zone of clearance 3 kinds of isolates were obtained:
Those which gave large zone of clearance (>3 cm) such as JA3, JA4, JA9 to JAl 1, JAl 9 
Those which gave intermediate zone of clearance (2 to 3 cm) such as JA l, JAl 5, JA22 
Those which gave small zone of clearance (<2cm) such as JA2, JA5, JAl 4 
The size of the zone of clearance was taken as the main criteria for choosing the isolates for 
further characterisation while the growth and pH level was taken as the second criteria for the 
section. Therefore, the isolates JA4 and JA l9 were selected for further characterisation. The 
main reasons for choosing these isolates were because, of their higher zones of clearance and 
good growth indicating that while they could provide bio-surfactant they could also grow 
well. It is interesting to note that isolates JA4 and JA l9 which gave the large zone of 
clearance, their pH level did not drop that significantly during their growth. Unlike other 
isolates where pH level was slightly decreased during the growth and optical density 
increased only for 3 days, the final pH level of JA4 culture remained slightly alkaline pH level 
of 7.33, and its optical density gradually increased from 0.23 to 1.52 from day 1 to day 5. 
Similarly with JA l9 isolate, the final pH level was slightly alkaline (7.2) and its optical 
density was less significant (from 0.59 to 0.69). However, the isolate JAl 9 showed the largest 
(cm) zone of clearance of 4.15cm.
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Table 10, The zone of clearance on Blood agar plates and the OD (600nm) and final pH levels 
of different bacterial isolates grown at 37°C in Nutrient broth.
37°C
Optical density at 600nm of 
Bacterial Growth
Samples Day 0 Day 1 Day 2 Day 3 Day 4 Day 5
Clearance 
zone in cm pH
JA l 0.0 0.21 0.45 0.48 0.70 0.79 2.2 7.18
JA 2 0.0 0.67 0.77 1.02 1.06 1.12 1.43 7.05
JA3 0.0 0.64 0.77 0.63 0.687 0.767 3.45 7.34
JA 4 0.0 (123 0.44 0.57 &82 1.52 3.45 7.33
JA5 0.0 0.62 1.04 1.23 1.41 1.60 1.1 7.1
JA 6 0.0 0.39 0.66 0.89 1.06 1.01 1.9 6.98
JA 7 0.0 0.42 0.64 0.53 0.84 1.03 1.6 6.88
JA8 0.0 0.38 0.75 0.93 1.10 1.17 1.25 6.9
JA 9 0.0 0.66 1.16 1.19 1.43 1.27 3.25 6.98
JAIO 0.0 0.74 1.13 1.24 1.41 1.16 3.15 7.02
J A l l 0.0 0.53 0.57 0.58 0.93 0.49 3^5 7.11
JA12 0.0 0.45 0.66 0.49 0.45 1.01 1.45 6.9
JA13 0.0 0.37 0.61 0.80 0.97 1.15 1.9 7.04
JA M 0.0 0.40 0.67 0.65 &89 1.13 1.75 7.11
JA15 0.0 0.47 0.64 0.59 0.91 1.41 2.6 7.25
JA16 0.0 0.42 0.53 0.92 1.07 1.06 1.85 7.06
JA17 0.0 0.56 0.59 0.72 0.93 0.75 3.6 6.94
JA18 0.0 &83 1.09 1.27 0.80 0.14 0.6 7.26
JA19 0.0 0.59 0.54 0.68 0.95 0.69 4.15 7.2
JA20 0.0 0.60 0.79 0.94 0.98 0.44 2.65 7.15
JA21 0.0 0.55 0.57 0.75 0.96 0.62 3.05 7.06
JA22 0.0 0.64 0.79 0.85 0.93 0.41 2.6 7.07
JA23 0.0 0.55 0.77 0.86 0.83 0.49 3.45 7.08
JA24 0.0 0.59 0.73 0.77 0.84 0.54 3.2 7.07
JA25 0.0 0.52 0.75 0.76 1.08 0.63 2.9 7.12
JA26 0.0 &58 0.70 0.80 0.81 0.43 2.5 7.11
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KEYS:
JA 1 to JA 5, Nutrient broth with 10 ml of oil at temperature of 37°C 
JA 5 to JA 6, Nutrient broth with 2 ml of Hexadecane at temperature of 37°C 
JA 7 to JA 12, nutrient broth with soil 1 or 2, with 6% oil at temperature of 37°C 
JA 13 to JA 19, nutrient broth with soil 1 or 2, with 4% oil at temperature of 37°C 
JA 20 to JA 26, nutrient broth with 12% of oil at temperature of 37°C
Figure 6. OD measurment by different mesophilic isolates
JAl 
JA4 
JAl 9 
JA22
0 .6:
Q 0.6 0.51
0.4 0.41
0.2
- 0.2
Time (Days)
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Table 11. The measurement of OD at 600 nm and final pH levels of the bacterial isolates in 
different media at 55°C.
55°C
Optical density at 600nm of Bacterial Growth
Samples Day 0 Day 1 Day 2 Day 3 Day 4 Day 5
Clearance 
zone in cm pH
JA27 0.0 0.14 0.12 0.18 0.19 0.07 Overlapped 7.46
JA28 0.0 0.09 0.23 0.24 0.43 0.47 035 7.46
JA 29 0.0 0.14 0.25 0.26 0.51 0.61 No growth 7.46
JA30 0.0 0.11 0.18 0.25 0.36 0.43 1.1 7.79
JA31 0.0 0.10 0.23 0.27 0.35 0.07 3.05 7.33
JA32 0.0 0.12 0.19 0.26 0.40 0.46 3.1 733
JA33 0.0 0.12 0.13 0.17 0.18 0.34 Overlapped 733
JA34 0.0 0.17 0.23 0.24 0.30 0.30 1.7 7.35
JA35 0.0 0.98 0.54 0.55 0.14 0.06 1.15 3.41
JA36 0.0 0.37 0.13 0.15 0.76 0.86 No growth 7.21
JA37 0.0 0.13 0.19 033 0.37 0.43 0.45 7.19
JA38 0.0 0.08 0.25 0.16 023 0.30 No growth 7.31
JA39 0.0 0.0014 0.0013 0.001 0.01 0.003 0.8 7.03
JA40 0.0 0.052 0.12 0.12 0.122 0.13 No growth 7.77
JA41 0.0 0.0028 0.0001 0 0.0002 0.02 No growth 7.93
JA42 0.0 0.09 0.34 0.13 0.07 0.14 1.05 7.67
KEYS:
JA 27 to JA 29, nutrient broth with 5 ml of oil at temperature of 55 °C 
JA 30 to JA 33, nutrient broth with 2 ml of hexadecane at temperature of 55 °C 
JA 34 to JA 36, nutrient broth with 6% oil culture and soill or 2, at temperature of 
55°C
JA 37 to JA 42, nutrient broth with 4% oil culture and soill or 2, at temperature of 
55°C
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Figure 7 . OD of different thermophilic isolates
JA 32 (Group A)
JA35 (Group B)
0.6
0.4
0.2
- 0.2
-0.4 Time (Days)
Table 11 shows the results obtained from cultures 27 to 42 which were isolated at a 
temperature of 55 °C. For their maximum bacterial growth, the growth was monitored for 5 
consecutive days by the measurement of their OD at 600nm. Finally on the 5^  ^ day the pH 
level of the samples was measured. On the basis of growth, two kinds of microorganisms 
were obtained (figure 7).
Group A: These isolates showed an increase in OD as the time progressed and their OD 
continued to increase for 5 days but, very slowly (the isolates JA28 to JA30, JA32 to JA34, 
and JA36 to JA38).
Group B: Their OD initially fluctuated from day 1 to 3 but, thereafter it started decreasing 
indicated that the cells were being lysed (the isolates, JA27, JA35 and JA42).
Three of the isolates (JA39 to JA41) failed to grow in further sub-streaking. In general the 
final OD obtained with the thermophilic isolates was significantly lower than those of the 
mesophiles. While the maximum OD obtained with the best growing mesophilic isolates JA5 
was 1.6, the best OD for a thermophilic isolates was only 0.86 (for JA36). As expected with 
their lower growth, the drop in pH levels during the growth of the thermophilic isolates was 
less significant.
The cultures were also streaked on Methylene Blue plates and were left overnight in the 
incubator for monitoring the zone of clearance/cm. These results obtained for the thermophilic 
isolates are given in table 11. Relatively smaller zone of clearance was observed with these 
isolates when compared with those of mesophiles. Only two isolates, JA31 and JA32 gave a
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zone of clearance of greater than 3 cm and two other strains JA34 and JA35 gave smaller but, 
significant size of zone of clearance.
Similar to the mesophilic selection, the primary criteria for choosing the mesophilic isolates 
for further screening was based on their bio-surfactant activities. On the basis of this two 
isolates, JA32, and JA35 were selected.
Hence, total four isolates were selected, two from 37°C screen and two from the 55°C screen 
and they were (JA4, JA l9, JA32, and JA35).
The optical density of the isolate JA32 was 0.12 on the first day which gradually increased to 
0.46 (increased by approximately 4 times than the initial reading) on the fifth day. Moreover, 
the pH level was increased to 7.33 (slightly alkaline) and the clearance zone was 3.1 
centimetres.
JA35 gave an optical density reading of 0.98 on the first day but it decreased to 0.06 on the 
fifth day showing that most of the cells had lysed and it had given a zone of clearance of 1.15 
cm which was not surprising as most of the cells were expected to be dead under these 
conditions. Furthermore, the pH of the culture was decreased to an acidic pH of (3.4) and 
possibly that was the main reason for the cell lysis. Hence, JA35 could be a good bio­
surfactant producer as well as a good acid producer, from the obtained results therefore this 
isolate may be considered for the MEOR future work at University of Surrey .
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Table 12. Growth of selected samples for 20 days on nutrient agar and blood agar
Samples Day 1/ cm Day 2/ cm Day 3/cm Day 4/ cm Day 5/ cm
NA* BA" NA BA NA BA NA BA NA BA
JA 4 V 1.2 V 1.6 V 1.9 V 1.9 V 1.2
JAl 9 V 1.4 V 1.6 V 1.8 V 1.6 V 1.8
JA32 V 1.2 V 0.7 V 0.7 V 0.4 V 0.9
JA35 V 0.9 V 1.3 V 2.1 V 2.9 V 0.8
Control (NB) X 0 X 0 X 0 X 0 X 0
Control (NB) X 0 X 0 X 0 X 0 X 0
Samples Day 6/ cm Day 7/ cm Day 8/ cm Day 9/ cm Day 10/ cm
NA BA NA BA NA BA NA BA NA BA
JA 4 V 1.1 V 0.4 V 0.4 V 1.4 V 1.2
JAl 9 V 1.8 V 0.9 V 0.6 V 1.6 V 1.6
JA32 V 0.8 V 0.7 V 0.5 V 0.3 V 0.1
JA35 V 0.8 V 0.8 V 0.6 V 0.4 V 0.1
Control
(NB)
X 0 X 0 X 0 X 0 X 0
Control
(NA)
X 0 X 0 X 0 X 0 X 0
 ^NA represents nutrient agar 
 ^BA represent blood agar 
 ^NB represents nutrient broth
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Samples Day 11/ cm Day 12/ cm Day 13/ cm Day 14/ cm Day 15/ cm
NA BA NA BA NA BA NA BA NA BA
JA 4 V 0.8 V 0.4 V 0.4 V 1.4 V 1.2
JAl 9 V 1.2 V 0.9 V 0.6 1.6 V 1.6
JA32 X X X X X X X X X X
JA35 X X X X X X X X X X
Control
(NB)
X 0 X 0 X 0 X 0 X 0
Control
(NA)
X 0 X 0 X 0 X 0 X 0
Samples Day 16/ cm Day 17/ cm Day 18/ cm Day 19/ cm Day 20/ cm
NA BA NA BA NA BA NA BA NA BA
JA 4 V 1.1 V 1.8 V 0.9 V 4 V 0.6
JAl 9 V 1.5 2.1 V 1.4 V 1.8 V 1.2
JA32 X X X X X X X X X X
JA35 X X X X X X X X X X
Control
(NB)
X 0 X 0 X 0 X 0 X 0
Control
(NA)
X 0 X 0 X 0 X 0 X 0
Referring to table 12 the obtained results are for the duration of 20 consecutive days, the 
results indicates that JA4 and JA l9 grew for the first five days, showing satisfactory 
inhibition zone of clearance/ cm on the blood agar. Initially the reading was from 1.2 and 1.4 
cm (JA4, and JAl 9) to 1.2 and 1.8 cm. This growth started to decline from day 6 to day 20. 
For JA32 and JA35, the first 5 days grew and gradually declined from day 6 to day 10, and 
then stopped growing from day 11 to day 20.
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Table 13. Illustrates the clearance zones/cm, taken for 5 consecutive days using different 
inducers such as oil, and hexadecane
Samples Start
point
1st
Day
2nd
Day
3rd
Day
4th
Day
5th
Day
10 ml oil and JA4 at 37 °C 0.0 1.6 2.3 2.1 2.6 2.1
10 ml oil and JA l9 at 37 °C 0.0 1.6 1.4 2.1 2.1 2.3
10 ml oil and JA32 at 55 °C 0.0 0.0 1.1 1.1 0.0 0.0
10 ml oil and JA35 at 55 °C 0.0 0.0 0.0 2.7 0.0 2.9
10ml hexadecane and 90ml N.B and JA4 at 37°C 0.0 1.5 1.6 1.6 0.0 2.0
10ml hexadecane and 90ml N.B and JA l9 at 
37°C
0.0 0.0 1.5 2.2 1.4 1.9
10ml hexadecane and 90ml N.B and JA32 at 
55%:
0.0 0.9 0.0 1.0 0.0 0.0
10ml hexadecane and 90ml N.B and JA35 at 
55%:
0.0 2.2 0.6 0.0 1.5 0.0
100ml N.B and JA 4 at 37°C (base control) 0.0 1.5 1.4 1.9 1.9 0.7
100ml N.B and JA 19 at 37°C (base control) 0.0 1.5 1.8 2.3 2.4 1.7
100ml N.B and JA 32 at 55°C (base control) 0.0 0.9 0.7 1.3 1.1 1.1
100ml N.B and JA 35 at 55°C (base control) 0.0 2.3 0.0 0.9 1.3 1.0
100ml N.B at 37“C 0.0 0.0 0.0 0.0 0.0 0.0
100ml N.B at 55°C 0.0 0.0 0.0 0.0 0.0 0.0
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Table 14. Illustrates the average of colony count taken from different samples.
Samples Colony Count/ Plate 1 Colony Count/ Plate 2 Average of Plates 
1 & 2
JA4 94 89 92
JAl 9 98 92 95
JA32 156 137 147
JA35 136 122 129
NB Blank Blank Blank
NB Blank Blank Blank
Further investigation was carried out on the selected samples and the results have been 
tabulated in table 12 and 13. Initially 10ml of oil was added to each one of the samples and 
allowed to grow for 5 days, at the end of each day they were inoculated on the blood agar and 
the zone of clearance was measured. JA4 and JAl 9 increased substantially from day 1 to day 
5. The same procedure was repeated for samples JA32 and JA35, and the results were uneven 
and the growths of clearance zone were not constant.
Another inducer was introduced to the selected samples (10ml of hexadecane), alongside with 
90ml of nutrient broth at the correct temperatures. For JA4 and JA l9, the growth increased 
day by day until day 5, where as JA32 showed no growth at all, only on the first day. For 
JA35 the growth fluctuated from 2.2 to 0.6, 0.0, 1.5, and 0.0 cm from day 1 to day 5. This 
indicated that results were satisfactory in comparison to the first sets of data.
Referring to table 14, the data that have been represented are to illustrate the presence of 
number of colonies that resulted on controlled conditions. Note that at all times the condition 
of each experiment were kept the same to ensure accuracy of the results.
The main reason for selecting the wavelength of 600nm to measure the wavelength of the 
optical density is because, microorganisms may contain numerous macromolecules that will 
absorb light, including DNA, protein, cytochromes, and possible cell pigments. It is best to 
choose 600nm where absorption is at a minimum level for most bacterial cultures.
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Figure 8. The rate of growth of isolates on hexadecane and oil at 37
°C.
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Figure 8, shows the rate of growth of isolates on hexadecane and oil at a constant temperature 
of 37 °C. As it can be seen above the growth for sample JAl increased from day 1 to day 2, 
slightly on day 3 and on day 4 and 5 increased rapidly to an optical density of 0.79, this was 
similar to JA4, but on day 4 and day 5 the optical density increased exponentially to 1.52. 
JA6, JA7, JA8 had similar initial start on day 1 where, their optical density reached 0.39, 0.42, 
and 0.38 respectively. On the 2"  ^ day their growth changed from 0.66, 0.64, and 0.75 of 
optical density. However on the 3"^  ^ day the growth of JA7 was decreased to 0.53, where as 
JA6 and JA8 increased similarly on the 4*'’ day, but on the 5*'’ day the growth of JA6 decreased 
in comparison to JA7, and JA8.
For the other reminder samples JA2, JA3, JA5, JA9, and JAIO more or less had a similar 
optical density on day 1 but this changed as the time progressed. For example JA9 and JAIO 
more or less had the same growth all through those days. The other 3 samples gave different 
reading on each day and they were not similar.
58
Figure 9. The rate of growth of isolates on hexadecane or oil at 37°C
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The above Figure 9, the optical density of another 10 samples are shown (from JA ll to 
JA20). More or less they all gave similar optical density at the start and this changed as 
the days progressed. From day 1 to day 2, they all increased from 0.5 to 0.7, except for 
JA20 which, was 0.8 and increased further to 0.98, on day 3, which was similar to day 4 
too, and on day 5 this growth decreased to 0.44. From day 4 to day 5 the optical density 
for the following samples increased (JA12, JA13, JA14, and JA15). The other samples 
like JAl 1, JA l6, JA l7, JA l8, and JA l9 the optical density decreased on the 5^  ^day.
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Figure 10. The rate of growth of isolates on hexadecane and oil at
37°C
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Figure 10 shows samples 21 to 26 at a temperature of 37°C, where these samples were grown 
on hexadecane and oil in nutrient broth. Theses 6 samples followed similar path in growth, 
because initially their optical density was between 0.5 and 0.65 and then increased up to the 
4^  ^ day to approximately between 0.82 to 1.1 OD at 600nm. Then on the 5^*^ day the growth 
decreased dramatically in all of the samples from 00.6 to 0.4 OD.
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Figure 11. The rate of growth of seleeted isolates at 37 and 55°C.
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Figure 11, shows the four chosen samples that grows at various temperatures 37 or 55°C. JA4 
had a very good growth in comparison to the other 3 samples, which the growth increases 
from approximately around 0.2 OD to 1.55 OD. JA l9 starts from 0.6 OD and increases to
0.95 OD then decreases to 0.68 OD. For sample JA32 the initial growth was at 0.1 OD and 
the growth increased to the 5^  ^ day at 0.45 OD. JA35 was different as it has a very good 
growth on the F* day and this growth as the time progressed decreased to 0.05 OD 
approximately.
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Figure 12. The rate of growth of the isolates at 55 °C.
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Figure 12, shows the rate of the growth of the isolates at 55°C. The optieal density of the 
isolates increased as the time/ days progressed. On day 3 most of the isolates gave a decreased 
value of the optical density but, this increased exponentially (JA28, JA29, JA30, JA32) on the 
following days (to day 5). However JA31 and JA27 decreased their density exponentially on 
day 4 and day 5 in comparison to the other isolates.
The lower the OD reading meant the less concentration of the bacterial density of the culture 
that was measured at a wavelength of 600nm. Therefore, the higher the reading of OD shows 
the greater concentration of the bacterial growth within the sample.
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Figure 13. The rate of growth of isolates at 55 °C
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The above figure shows the isolates (JA33 to JA42) and their optical density at a wavelength of 
600nm. JA36 was the only isolates with a huge difference in the reading with the rest of the 
isolates. Also JA35 initially gave a very high reading but this reading decreased as the days or time 
increased. The rest of the isolates increased gradually from day 1 to day 5.
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Graph 14. The production of lysis of isolates in nutrient broth.
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Figure 14, shows the chosen isolates that were identified at the later stage, this is the 
production of the surfactants that caused lysis on the nutrient broth mixed with oil. The 
inhibition zones were simply measured and the above graph shows the results. JA4 fluctuated 
but showed sufficient results all through out of the 5 days span, JA l9 had an exponential 
difference in the inhibition zone between day 2 and 3, then gradually increased on day 5. 
JA32 had a fair growth in the inhibition zone from day 1 to day 3, but then stopped and 
reached to almost 0.0 cm reading. Finally JA35 had no growth in the first 4 days and on the 
5^  ^day showed a surprisingly high reading.
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Figure 15. Produetion of clearance zone/ cm from day 1 to day 20.
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Figure 15 illustrate the production of clearance zone of the selected isolates (JA4, JAl 9, JA32 
and JA35) for the duration of 20 days. The above shows clearly that JA4 and JA l9 have very 
similar clearance zone all throughout the 20 days time. Flowever, JA 32 initially gave a good 
reading but this was decreased from day 2 to day 4, then increased on the 5^ ’’ day and then 
sharp decline on day 6 and gave no clearance zone thereafter. JA35 had a sharp increase in the 
clearance from day 1 to day 4, and this decreased sharply on day 6 and was almost 0.0 cm of 
clearance zone and continued to be the same until day 20.
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Figure 16. The production of lysis of the isolates in 10ml hexadecane
and nutrient broth
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Figure 16, shows the production of clearance zone of isolates JA4, JA l9, JA32, and JA35 that 
were grown on hexadecane and nutrient broth. Results were similar when the isolates were 
grown on nutrient broth and oil.
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Figure 17. The colony count of different samples.
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The above results shows the colony count of isolates JA4, JA l9, JA32, and JA35 that were 
obtained after growth on nutrient agar at relevant temperatures 37 and 55 °C.
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3.4 Bacterial Identification
The morphology of the selected isolates was initially studied by Gram staining method and 
then their identification was performed using 16SrDNA sequence analysis. The identification 
work was performed at Health Protection Agency (HPA), Colindale London.
3.4.1 Morphology o f the isolates
Gram staining technique describes the bacteria either positive or negative, and this depends on 
the bacterial take up of the crystal violet stain. Gram positive bacteria have a thicker cell wall 
which retrain the colour of the crystal violet, whereas the gram negative bacteria have a 
thinner layer of cell wall which loses its crystal violet stain. Gram staining method revealed 
that all of the isolates were gram positive.
3.4.2 16 SrDNA analysis o f the isolates
Polymerase Chain Reaction (PCR) is an amplification of single piece of DNA across several 
orders of magnitude. The aim of this procedure is the creation of thousand millions of copies 
of a particular DNA sequence. It is a 3 steps process, referred to as a cycle, which is repeated 
specific number of times. PCR steps consist of the following procedures:
1. Dénaturation
2. Annealing
3. Extension
The above process takes place in the thermal cycle, where the temperature automatically is 
controlled and monitored for programmed periods of time for an appropriate number of cycles 
(usually between 30 to 40 cycles).
Step 1. Denaturing bv heat:
Heat (above 90°C) separates the double stranded DNA into 2 single strands. This process is 
called dénaturation. This is possible because, the hydrogen bond break at high temperatures, 
while the bonds between deoxyribose and phosphates remain intact as they are stronger and 
covalently bonded.
Step 2. Annealing primer to target sequence:
The sequences of 100- 600 base pair (bp) were targeted. Targeting the sequence is achieved 
by using primers. Primers mark the ends of the target sequence. Test primers are short,
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synthetic sequences of single stranded DNA typically consisting of 20- 30 bases, with a 
biotin- labelled 5’ end to aid in detection. They are specific for the target region of the 
organism.
Two primers are included in the PCR, one for each of the complementary single DNA strands 
that were produced during dénaturation. The beginning of the DNA target sequence of interest 
is marked by the primers that anneal (bind) to the complementary sequence.
The temperature at this stage is 60°C, and this usually depends on the length of the base 
sequence of the primer. This allows the primers to bind to the target sequence with high 
specificity.
Step 3. Extension:
Once the primers binds to the complementary DNA sequences, the temperature is raised to 
approximately 72°C and the enzyme Taq (Thermus aquaticus) DNA polymerase is used to 
replicate the DNA strands. Taq DNA polymerase is recombinant thermostable DNA 
polymerase from the organism Taq and unlike normal polymerase enzyme that is active at 
high temperature. Taq DNA polymerase begins the synthesis process at the region marked by 
the primers (shown below). It synthesises new double stranded DNA molecule, both identical 
to the original double stranded target DNA region, by facilitating the binding and joining of 
the complementary nucleotides that are free in solution (dNTPs).
Extension always begins at the 3’ end of the primer making a double strand out of each of the 
two single strands. Taq DNA polymerase synthesises exclusively in the 5’ to 3’ direction. 
Therefore, the free nucleotides in the solution are only added to the 3’ end of the primers 
constructing the complementary strand of the targeted DNA sequence.
PCR amplification of the 16SrDNA gene of the selected clones was performed using bacterial 
colony as a template and following primers and PCR mix and conditions were used:
Primers:
357 f^- CCG AAT TCGTCG ACA CAG TTT GAT CAT GGC TCA G 
1100 r  ^- CGC GGG ATC CAA GCT TAG AAA GGA GGT GAT CCA
 ^f  is the reading of the primers in forward sense 
^r i s  the reading of the primers in reverse sense
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PCR reaction mix:
PCR Buffer xlO 5 n l
dNTP (10 mM each) 0.5 |rl
357 f (0.05Mm) 0.5 |xl
1100r(0.05Mm) 0.5 pi
DNA Polymerase 0.4 pi
Deionised water to 50 pi
Thermocycler or PCR machine conditions:
1 - 94 °C - 5 minutes
2 - 94 °C - 30 seconds
- 60 °C - 30 seconds x 30
- 72 °C - 3 minutes
3 - 72 °C -10 minutes
4 - 4 °C** for keeping it overnight
** This is optional step.
PCR (polymerase chain reaction) was performed under the above conditions using the isolates 
colonies as template.
After completion of the reaction (following the above steps), the PCR product was run on an 
ethedium bromide stained 1% agarose gel at lOOV for about 30 minutes and visualised the 
PCR product under UV illumination. The PCR products between 900 and lOOObp (base pair) 
were obtained.
The DNA sequences of the isolates were blasted against the other sequence database. The 
blast results confirmed the isolates as shown below:
The isolate, JA4 was identified as Bacillus cereus with 100% similarities to the original strain. 
The isolate, JAl 9 was identified as Bacillus cereus with 99% similarities to the original strain. 
The isolate, JA32 was identified as Bacillus licheniformis with 99% similarities to the original 
strain.
The isolate, JA35 was identified as Bacillus licheniformis with 99% similarities to the original 
strain.
Apart from the isolate JA4 which showed a 100% homology with B. cereus, other 3 strains 
seem novel because homology was not 100%.
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3.5 Discussion
The bio-surfactant is considered one of the most important microbial products which can be 
potentially used for the MEOR process. This is why in this work the bio-surfactant production 
has been chosen as the main criteria for the selection of the isolates which can be used in the 
MEOR process. Many microorganisms are reported for the production of bio-surfactant and 
different kinds of microorganisms which can produce various kinds of surfactants. Bacillus 
species are from the family of Bacillaceae, and are widely distributed in many natural 
habitats. Most of the Bacillus strains are not pathogenic. They produce surfactin, a lipo- 
peptide which is one of the most effective bio-surfactant that lowers the surface tension of 
water from 72 dynes/cm to 27dynes/cm.
The bio-surfactant produced by Bacillus licheniformis is reported in the literature. (Yakimov 
et. fl/., 1995). Studies have suggested that bio-surfactant produced by this species substantially 
reduces the interfacial tension between oil and water (Lazar et. ah, 1993 and Lin et. al, 1994). 
In this study two bio-surfactant producing microorganisms, i.e.. Bacillus licheniformis and 
Bacillus cereus were isolated. The bio-surfactant production by B. Licheniformis is a soil 
dwelling spore forming microbe. This bacterium is gram positive rod, motile, facultative 
anaerobe, survives under mesophilic conditions, and appears in a single cell or a chain of 
cells. It has been investigated that, B. licheniformis produces lipo-peptide bio-surfactant, 
which substantially reduces the interfacial tension between oil and water or other mineral 
present in the well. These bacteria are usually strongly haemolytic and produce 1.2 to 1.9 cm 
zone of complete P haemolysis surrounding growth. They survive at temperatures between 5 
to 50 °C, and have typical ranges of pH 4.5 to 9.3.
B. licheniformis, which is a common soil micro-organism. It contributes to the nutrient 
cycling and displays antifungal activity. These organisms contain a single circular 
chromosome of 4.22 Mbp (mega base pair) lengths. It codes for 4200 open reading frames. 
The GC (guanine-cytosine on the DNA molecule) content is 4.6.2%. However, no plasmid is 
detected.
Bacillus cereus is facultative aerobic spore forming, motile, gram positive rod, and arranged 
in chain of cells. Commonly they are found in the soil, vegetables, and many other raw 
materials and processed food. They hydrolyse organic compounds such as, casein, gelatine, 
and starch. They also produce acids from sugars.
The bio-surfactant produced by B. cereus was reported by (Cooper and Goldenberg 1987) to 
active only in neutral pH. Also some literature (Luna-Velasco et. al, 2007) reported that
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emulsifying activity was significantly inhibited by high concentration of sodium chloride that 
is greater than 5%.
The above discussion confirms that the isolation screen used in this study can be confidently 
used for the isolation of the other bio-surfactant producing microorganisms. The isolates 
obtained in this study can produce significant amount of bio-surfactants and can be then used 
for the MEOR process.
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
This research project is based on characterising the microbes that have potential to play a key 
role in enhancing the recovery of the crude oil. To overcome the depletion of these reserves, 
numerous processes are considered one of which is the MEOR process.
During this study a large number of microorganisms were isolated from the soil, oil and well 
injection samples that were provided by the Iranian oil field based in Ahvaz. Most of the 
isolates were obtained from oil contaminated soil samples (obtained from a local car garage in 
Woking) and some from injection water formation oil well. No microorganism could be 
isolated from the oil samples alone used in this study.
From the isolated microbes (retrieved by contaminating the crude oil with the soil sample), 
100 isolates which grew satisfactorily on various growth media were tested for their bio­
surfactant activities. 42% of them were found showing bio-surfactant activities, which 
revealed that a large proportion of the isolates were those which had potential in the MEOR 
process.
Some of the microorganisms which were isolated from the soil samples taken from lower 
temperature source were able to grow at relatively higher temperature (55°C) showing that 
they were spore formers and can tolerate the harsh condition.
Most of the isolates that showed bio-surfactant activities (by the production of heamolysis 
zone on the blood agar) were unable to produce acids (using the ph meter). This reflects that 
for a successful MEOR process, a mixed microbial culture would be desirable and more 
suitable. Each species would have an optimum production capability for bio-surfactant, acids, 
gases, and polymers which would be more suitable than the use of a single strain, because the 
isolation of a single strain producing all these might be extremely difficult to achieve. 
Similarly the alternative approach to add all the metabolic functions to a single 
microorganism by gene manipulation would be equally difficult and times demanding, though 
the improvement of some of these functions would be probably needed by this technique.
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From the 42 bio-surfactant producing isolates, 4 with the best properties were selected for 
characterisation. Their growth studies were performed and their morphology studies were 
carried out by Gram staining followed by their microscopic examination which showed that 
they looked like Gram positive rod shaped microorganisms. Furthermore, their IbSrDNA 
analysis was performed which confirmed that they all belonged to genus Bacillus. The 
sequence analysis of the 2 isolates which were isolated at 37°C showed that both were from a 
single species, B. cereus, however, they were both different as revealed by their 16SrDNA 
sequences showed. Whereas one isolate (JA4) had a 100% identity with the previously 
published strain, JA19 seemed to be a novel strain of B. cereus. Similarly, the analysis of two 
isolates (JA32 and JA35), which were isolated at 55°C showed that they belong to B. 
licheniformis species. Although their IbSrDNA sequence matched each other exactly, they 
were slightly different than that of the published sequence, showing they are novel isolates. 
Another isolate was obtained from the well injection water (obtained from the Iranian oil 
field) that grew at a temperature of 65°C. This isolate could have a significant potential for 
the MEOR work. When it was grown in the presence of oil then, like the other bio-surfactant 
producing isolates, it could convert the crude oil into droplets showing that its capability of 
reducing the surface tension of the crude oil. Moreover this isolate could also use di- 
benzothiophene (DBT) as the sole source for sulphur which meant that is also had a potential 
in bio-desulphurisation (BDS) process. Therefore, this isolate was useful not only for oil 
recovery but, it would also enhance the quality of the oil by desulphurisation.
The significance of the application of the bio-surfactants in MEOR process depends on 
several factors, one of which includes the effectiveness of the bio-surfactant in lowering the 
interfacial tension (IFT). Generally the IFT must be lowered which corresponds to the 
capillary number, prior to achieving significant oil recovery.
Under the aerobic condition, IFT decreases during the exponential growth of the bacteria, 
however, it increases later in the stationary phase. It is possible that this increase has been 
caused by the release of cellular components in the medium. Alternatively the increase in the 
IFT may have occurred due to the inactivation of the surfactant in the stationary phase.
In this study we have isolated Bacillus species at 37 and 55°C which, they can produce bio­
surfactants that are very useful to the MEOR process. However, our work coincided with 
Folmsbee M. et. al, (2006) as they isolated a strain of Bacillus licheniformis from an oil well. 
This strain was capable of growing in a wide range of temperatures up to 50°C, in NaCl 
concentration up to 10%, and the pH value between 4.6 and 9.0. Predominantly Bacilli
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species have been shown to produce surfactants under strictly anaerobic condition (Javaheri 
e.t al., 1985; Mclnemey et. aL, 1990). According to the study that was carried out by 
Yakimov et. al., 1997, suggested that Bacillus lincheniformis isolated from the subsurface 
show that they have the potential for the EOR.
Some bacillus species that are isolated from the water injection brines are able to grow at 
conditions that exist in many oil reservoirs. Pfiffner et. a/., 1986 isolated and characterised 
Bacillus species strain that grows at 50°C and produced extracellular polymers under 
anaerobic conditions in a concentration of 10% NaCl (Sodium Chloride). Therefore, this 
result suggests that this strain is capable of producing products such as surfactant, polymer, 
and fermentation metabolites that is responsible for the oil recovery.
According to field studies in China, demonstrated that Bacillus sp was more effective in the 
reduction of the interfacial tension of oil and formation brine due to its production of bio­
surfactant fi"om fermentation of the crude oil (Jinfeng et. al., 2005)
The obtained strain in this research produced a surface active lipo-peptide under aerobic, 
micro-aerophilic, and anaerobic conditions. This surfactant is one of the few surfactants that 
can generate ultra low IFT, which is highly in demand by the petroleum reservoir engineers. 
The ideal microorganism(s) for this would be those which would not crack the long chain of 
the alkanes of the crude into a shorter chain of molecules by a process called bio-cracking but, 
instead they would produce bio-surfactant in order to push the oil out of the well by reducing 
its viscosity, increasing the API gravity, and to reduce the pour point. Furthermore, these 
microorganisms would be able to produce short chain fatty acids or polysaccharide which 
would be for the MEOR process. Although to produce such products, the microorganisms 
would require a carbon source, ideally they should be able to use either the externally added 
carbon source or use minimal amount of the long chain molecules present in the reservoir and 
the growth of such microorganisms would be controllable, for examples, with nutritional or 
oxygen limitation.
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4.2 Future work on MEOR
(Here we are discussing the challenges which scientific community is facing when they are 
solving the MEOR problem)
4.2.1 Measurement o f Viscosity
One of the essential aspects in this project is the measurement of the viscosity and the surface 
tension of the crude oil before and after exposure to the isolates obtained. Viscosity 
measurements using a rheometer require a large volume of sample which we do not have at 
present. This shall be accomplished once we receive the large amount of crude oil. The 
surface tension will be measured using the bubble pressure method, and this will be carried 
out by submerging a capillary into the oil along with air. An air bubble will be produced by 
the air pressure at the end of the capillary tube. Quantitative measurements will underpin all 
the observation made.
There is another common method of measuring the viscosity of the crude and this is by using 
a capillary tube viscometer. In this method, the oil sample is placed into a glass capillary U- 
tube and the sample is drawn through the tube using suction until it reaches the start position 
indicated on the tube’s side. The suction is then released, allowing the sample to flow back 
through the tube under gravity. The narrow capillary section of the tube controls the oil’s flow 
rate; more viscous oil takes longer time to flow than the thinner oil.
This test actually measures an oil’s kinematic viscosity. The viscosity is calculated from the 
time it takes the oil to flow from starting point to the stopping point using a calibration 
constant supplied for each tube.
4.2.2 Use o f Mixed Culture
The ideal approach would be to use a mixed population culture to check for synergistic 
activity in lowering viscosity. It may almost be impossible to find out a single microorganism 
which will have all of the properties required for the MEOR work. It will be, therefore, 
desirable to have a mixture of microorganisms each of which can optimally produce a 
chemical which is required for the MEOR work. The mixture will require microorganisms 
which optimally produce bio-surfactants. It will have other microorganisms which will be 
able to produce polymers in large amount and still other microbes will be producing acids. In 
the ideal situation all microorganisms will be able to from their products synergistically
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without the inference of each other. This requires the testing of the co-culture of different 
microbial consortia at lab as well as at pilot scale.
4.2.3 Consolidated MEOR Process
In this approach, a microorganism which is optimally produces one chemical for the MEOR 
work will be cloned with the genes encoding for other chemicals. For example, a 
microorganism which can produce polymers and acids can be cloned with the genes 
responsible for bio-surfactant production and vice versa.
4.2.4 Identification and Characterisation o f the new isolate
It will be best if the microbes used in the MEOR process are obtained from the oil reserves. 
One possible challenge is that many of the microorganisms which are present in the reservoir 
may not be culturable in laboratory. As the conditions in the reservoir are quite harsh, these 
microorganisms may have adapted to these conditions. Therefore, the growth of such 
microorganisms will require one or more of the harsh conditions such as high temperature, 
high salinity and high pressure. The presence of these microorganisms in the reservoir can be 
identified by different methods, such as of denaturing gradient gel electrophoresis (DGGE) 
and temperature gradient gel electrophoresis (TGGE). Once the microorganisms present in the 
reservoir/ oil samples are determined using the above technique, they can be tried to be 
isolated from these samples by culturing them under different growth conditions, i.e., under 
high temperature, pressure and salinity. They can then be characterised and grown and used in 
the MEOR work.
4.2.5 Identification o f Bio-surfactants
It is important to check for the type of the bio-surfactant produced by these isolates and 
extensive studies to be carried out to monitor their behaviour under the laboratory/field 
conditions of the oil well.
Firstly the obtained strains are grown again in broth media, then 5ml of oil will be added to 
5ml of viable microbe, and 200ml of nutrient medium then they are incubated at a high 
temperature (65 °C) in a water shaker for 7 days. The resulting culture is then centrifuged for 
20 minutes at 6000g (gravitational force). The residual is then removed and filtered to remove 
cells. The interfacial tension of the oil at this stage is measured and that should indicate 
reduction in comparing to the blank samples. Finally, the bio-surfactants were identified by
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the method of Thin Layer Chromatography (TLC), which shows that the bio-surfactants 
produced, by the selected strains fall under a kind of Glycolipids (Jinfeng. et. al., 2005).
4.2.6 Genetic Engineering and Recombinant DNA Technology
The above procedure is implemented to improve the oil recovery trait by developing the 
selected bacterium strain to be able to tolerate the extreme temperatures of the oil reservoir.
4.2.7 Pilot Scale Studies
Once we have obtained good data then this process shall be applied to pilot plant having 
similar conditions to an oil well. The behaviour of the bacteria, their bio-surfactant activities 
will be monitored closely to enable us to inject these organisms to an oil well. The microbial 
population will be monitored in the oil and water samples after the initiation of the project to 
see their presence is not harmful to the oil and the oil field.
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CHAPTER 6
APPENDIX
6.1 Samples at 37°C
JA1= N.B+colony + 10ml oil @ 37 °C
JA2= N.B+ colony + 10ml oil @ 37 °C
JA3= N.B+ colony + 10ml oil @ 37 °C
JA4= N.B+ colony + 10ml oil @ 37 °C
JA5= N.B+ colony+ 2ml of Hexadecane @37 “C
JA6= N.B fColony +2ml of Hexadecane @ 37 °C
JA7= N.B+ 6ml oil 1+ soil 1+ @ 37 “C
JA8= N.B+ 6ml oil 1+ soil 1+ @ 37 °C
JA9= N.B+ 6ml oil 1+ soil 1+ @ 37 °C
JA10= N.B+6ml oil 1+soil 1+ @ 37 °C
JAl 1= N.B+ 6ml oil 1+ soil 1+ @ 37 °C
JA12= N.B+ 6ml oil 1+ soil 1+ @ 37 °C
JA l3= N.B+4ml oil + soil 2 + @ 37 °C
JA14= N.B+4ml oil + soil 2 + @ 37 “C
JA l5= N.B+ 4ml oil + soil 2 + @ 37°C
JA l6= N.B+4ml oil + soil 2 + @ 37 °C
JA l7= N.B+4ml oil + soil 2 + @ 37 °C
JAl 8= N.B+4ml oil + soil 2 + @ 37 °C
JA l9= N.B+4ml oil + soil 2 + @ 37 °C
JA20= N.B+ 12ml oil + @ 37 °C
JA21= N.B+12ml oil + @ 37 “C
JA22= N.B+ 12ml oil + @ 37 °C
JA23= N.B+ 12ml oil + @ 37 “C
JA24= N.B+ 12ml oil + @ 37 °C
JA25= N.B+12ml o il+ @ 37 T
JA26= N.B+ 12ml oil + @ 37 °C
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6.2 Samples at 55°C
JA27= N.B+ Colony+ 5ml oil 1+ @ 55 °C 
JA28= N.B+ Colony+ 5ml oil l+ @  55 °C 
JA29= N.B+ Colony+ 5ml oil 1+ @ 55 °C
JA30= N.B+ Colony+ 2ml of Hexadecane+ @ 55 °C 
JA31= N.B+ Colony+ 2ml of Hexadecane+ @ 55 °C 
JA32= N.B+ Colony+ 2ml of Hexadecane+ @ 55 °C 
JA33= N.B+ Colony+ 2ml of Hexadecane+ @ 55 °C
JA34= 6%0.C+ Soil l+24hr incubation+ @ 55 °C
JA35= 6%0.C+ Soil 1+ 48hr incubation+ @ 55 “C
JA36= 6%0.C+ Soil 2+ 24hr incubation+ @ 55 “C
JA37= 4%0.C+ Soil 1+ 24hr incubation+ @ 55 °c
JA38= 4%0.C+ Soil 2+ 48hr incubation+ @ 55 °c
JA39= 4%0.C+ Soil 1+ 48hr incubation+ @ 55 °c
JA40= 4%0.C+ Soil 2+ 48hr incubation+ @ 55°C
JA41= 4%0.C+ Soil 1+ 48hr incubation+ @ 55 °c
JA42= 4%0.C+ Soil 2+ 48hr incubation+ @ 55 “C
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6.3 16SrDNA Sequences of the isolates
6.3.1 JA4
CTTGCTCTTATGAAGTTAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTGCC
CATAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATAACATTTTGA
ACCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCC
GCGTCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCGTAG
CCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCC
TACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGC
AACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAA
GAACAAGTGCTAGTTGAATAAGCTGGCACCTTGACGGTACCTAACCAGAAAGCC
ACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCC
GGAATTATTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAG
CCCACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAA
GAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAA
CACCAGTGGCGAAGGCGACTTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGC
GTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAG
TGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGAAGTTAACGCATTAAGCA
CTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGGGG
CCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAG
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6.3.2 JA19
GCTGGCACCTTGCACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGC
AGCCGCGGTAATACGTAGGTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGC
GCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAG
GGTCATTGGAAgACTGGGAGACTTGAGTGCAGAAGAGGAAAGTGGAATTCCAT
GTGTAGCGGTGAAATGCGTAGAGATATGGAGGAACACCAGTGGCGAAGGCGAC
TTTCTGGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATT
AGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTT
CCGCCCTTTAGTGCTGAAGTTAAC
GCATTAAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAA
TTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGC
GAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCTTCT
CCTTCGGGAGCAGAGT
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6.3.3 JA32
GAGCTTGCTCCCTTAGGTCAGCGGCGGACGGGTGAGTAACACGTGGGTAACCTG
CCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGCTTGTTT
GAACCGCATGGTTCAAACATAAAAGGTGGCTTTTCGCTACCACTTACAGATGGA
CCCGCGGCGCATTAGCTAGTTGGTGGGGTAACGGCTCACCAAGGCGACGATGCG
TAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGAC
TCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGG
AGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAACTCTGTTGTTAGG
GAAGAACATGTACCGTTCGAACAGGGCGGTACCTTGACGGTACCTAACCAGAA
AGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTT
GTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTTCTTTAAGTCTGATGTG
AAAGCCCCCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTTGAGTGC
AGAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGATGTGGA
GGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAGGCGCG
AAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACG
ATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAAACGCATT
AAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGAC
GGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGA
ACCTTACCAGGTCTTGACATCCTC
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6.3.4 JA35
CGGGAGCTTGCTCACTTAGGTCAGCGGCGGACGGGTGAGTAACACGTGGGTAA
CCTGCCTGTAAGACTGGGATAACTCCGGGAAACCGGGGCTAATACCGGATGCTT
GATTGAACCGCATGGTTCAATCATAAAAGGTGGCTTTTAGCTACCACTTGACAG
ATGGACCCGCGGCGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCGAC
GATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGC
CCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTC
TGACGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAACTCTGTT
GTTAGGGAAGAACAAGTACCGTTCGAATAGGGCGGTACCTTGACGGTACCTAAC
CAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCA
AGCGTTGTCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCT
GATGTGAAAGCCCCCGGCTCAACCGGGGAGGGTCATTGGAAACTGGGGAACTT
GAGTGCAGAAGAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTAGAGA
TGTGGAGGAACACCAGTGGCGAAGGCGACTCTCTGGTCTGTAACTGACGCTGAG
GCGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCACGCCGT
AAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCAAAC
GCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAA
TTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGC
GAAGAACCTTACCAGGTCTTGACATCCTCTGACAACCCTAGAGATAGGGCTTCC
CCTTCGGGGGCAGAGTGACA
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